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Abstract
The work of this thesis was part of the joint EPSRC project entitled “75-300GHz Multi- 
Chip Module (MCM) Technology”, involving the Universities of Surrey, Kent and 
Glasgow. This joint research was to investigate novel mm-wave MCM technology using 
dielectric-filled rectangular waveguide as a transmission medium, and to investigate the 
feasibility of replacing signal propagation through conventional chip interconnects such 
as bond wires with an electromagnetic input/output signal coupling technique. A simple 
transmitter and a receiver are first demonstrated at 77 and 140GHz. This thesis covers the 
design and development of mixers and modulators using multilayer technology.
The mixer is a very versatile microwave component and as wireless systems become 
more advanced, its use is not limited to just frequency up- or down-conversion in 
superheterodyne systems, but mixers are also used for complex digital modulation and 
demodulation in direct conversion transceivers. The design and development of 
inexpensive, low power consumption, physically small yet highly integrated multi­
functional wireless system is one of the major challenges for researchers today. The use 
of large planar passive structures, restricted circuit configuration and high manufacturing 
cost are the major motivations for looking into new system architectures or circuit 
topologies or to adopt for high-density integration through novel interconnecting 
techniques, where these problems can be more easily addressed. One such avenue is 
multilayer technology.
The first part of the research studies the feasibility of employing HIBRIDAS 
photoimageable thick-film materials for microwave applications. This has led to the 
characterisation of thin-film microstrip (TFMS) lines to llOGHz, with miniature hybrids 
demonstrated for the first time in MCM-C technology. A microstrip broadband coupler 
and an RF Marchand balun using overlaid configuration have achieved low-loss 
performance in the microwave range. This work is followed with the development of 
more sophisticated circuits that house high performance MMICs together with high-Q 
printed passive structures and readily available SMT components onto a common 
substrate. This includes a compact double-balanced resistive FET mixer as well as a 
resistive IQ vector modulator introduced for high linearity operations.
11
3D MMIC technology is the focus of the second part of this research on realising compact 
microwave subsystems. Again, a resistive FET mixer employing the balun that possesses 
direct matching and all-ports isolation capability through the use of multilayer 
configuration is developed. To assess the chip size reduction factor achievable with a 
multilayer approach, IQ direct carrier modulators of the reflection-type attenuator (RTA) 
topology and the diode-ring configuration are also investigated using a combination of 
miniaturisation techniques. These frequency conversion and modulation circuits use the 
Marconi-Caswell (now Bookham Technology) H40P foundry process enhanced to 
incorporate multiple metal and BCB dielectric layers.
Key words: mixer, modulator, miniaturisation techniques, multilayer technology, MCM, 
3D MMIC.
Email: eep 1 cn @ eim. surrev.ac. uk
WWW: http://www.eim.suiTev.ac.uk/
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Chapter 1. Introduction
Chapter 1 
Introduction
1.1 75 -  300GHz Multi-Chip Module (MCM) Technology
Multi-chip module (MCM) technology is a key means of realising small and yet multi­
functional wireless transceivers, being able to integrate a number of MMICs onto a 
common substrate to provide better systems performance and higher yield than a single 
MMIC of the same function. As illustrated in figure I-I, current microwave MCM 
technology relies on the use of bond wires or flip-chip mounting to provide the RF 
connections between the chip and the MCM’s microstrip or CPW interconnecting 
medium [LI],
T F M S l in e  & M u ltila y e r
C o m p o n e n t L u m p e d
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Figure 1-1A typical multi-functional MCM module
Chapter 1. Introduction
Discontinuities resulting from the bond wires and flip-chip, however, often limit their 
usage at mm-wave frequencies and as applications beyond lOOGHz develop, there is also 
a need for transmission line media with lower loss than can be achieved with these 
microstrip or CPW interconnects. The metal-pipe rectangular waveguide (MPRWG), with 
better electromagnetic field confinement has always been the preferred choice for 
implementing a high performance guided-wave structure at such high frequencies. 
Valuable work on micromachined hollow waveguides has been carried out by other 
researchers [1.2 -  1.4]. However, the problem of the chip-to-waveguide transition remains 
one of the major challenges.
In this programme, a multi-university consortium was set up aimed towards the 
demonstrating of totally new concept for the design, fabrication and assembly of Tera- 
Hertz MCMs [1.5]. This includes the investigation of using dielectric-filled rectangular 
waveguide as a transmission medium, as well as to assess the feasibility of chips being 
inserted with electromagnetic input/output signal coupling rather than bond wires. The use 
of the dielectric-filled waveguide as proposed in this program has the advantage of better 
compatibility with established MCM technology and greatly eases the chip transition 
problem. Shown in figure 1-2 is a futuristic illustration of the 75 -  300GHz MCM 
concept, based on the rectangular waveguide interconnects. This was a collaborative 
project between the Universities of Surrey, Kent and Glasgow. The partners’ contributions 
were as follows :-
Surrey:- Waveguide fabrication. Mixer and modulator design, Multilayer component 
design. Module assembly
Kent:- Waveguide-chip transition, Amplifier design, 140GHz measurements
Glasgow:- Development of side-contacting chip pad technology, MMWIC fabrication
This research takes on the design and development of mixers and modulators using 
multilayer technology in fulfillment of demonstrating simple MCM transmitter and 
receiver first at 77 and 140GHz.
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Figure 1-2 Futuristic illustration of the 75 -  300GHz MCM concept, based on rectangular 
waveguide interconnects (from Lucyszyn etal. [1.5])
1.2 Multi-Chip Modules
Today, the trend is towards low cost solutions combining digital and analogue functions 
with micromechanical components, optical components and RF front-ends. Two strategies 
to reach this goal are the “System-on-Chip” (SoC) and the “System-in-Package” (SiP). 
Primarily, the SoC concept falls down in many cases when superior performance is 
offered by using a range of different implementation technologies. The SiP has thus 
emerged as the most effective method to provide a realistic integration solution for many 
applications.
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Figure 1-3 shows a conceptual SiP that makes good use of the MCM technology whereby, 
a whole wireless system can be partitioned and each part realised with the best component 
for the task, such as CMOS for digital functions, pHEMT MMICs for mm-wave 
functions, etc. Besides that, the system cost can be reduced by replacing discrete passives 
with embedded ones, and the performance increased by replacing lossy on-chip passives 
with high Q passives embedded in the package.
RFICs /  MMICs 
(GaAsMESFETs, 
InP pHEMTs, SiGe HBTs)
Printed Structures 
(antenna, couplers, 
inductors)
Flip-Chip
ICs SMT Si ASICs p g p
m
D ielectric
A lum ina  
Substrate Carrier
Figure 1-3 ‘^System-in-Package” (SiP) utilising MCM
To classify the different technologies, three types have been defined; deposition, 
lamination and ceramic sintering.
1.2.1 MCM-D (Deposited)
MCM-Ds are modules formed by deposition of thin-film metals and dielectrics that can be 
polymers or inorganic materials. They are most like semiconductor integrated circuits but 
without active devices in general. Primarily used for the interconnection of high-speed 
digital applications, MCM-D due to its high reproducibility of very small dimensions has
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shown to be very useful for the integration of analogue circuits in the RF and microwave 
frequency ranges. This is evident from the demonstration of a receiver front-end and 
direct carrier modulators both incorporated with integrated passive components at C- and 
Ku-band, respectively [1.6,1.7].
Sometimes referred to as “thin-film” MCM, it uses normal spinning, deposition and 
photolithographic procedures to fabricate multilayer passive components and 
interconnects with small feature size of <10pm widths and spacings. They are best suited 
to flip-chip assembly for circumventing limiting factors in conventional packaging 
technologies like poor high-frequency performance of bond wire connections. With these 
attributes, it is of no doubt that MCM-D is able to provide the best performances among 
the MCMs. The only drawback is the routine use of vacuum deposition making it 
relatively slow and expensive in production.
1.2.2 MCM-L (Laminated)
MCM-L is an advanced form of printed-circuit board (PCB) technology where multiple 
layers of the conductors and organic dielectrics are formed by laminating successive 
layers with pressure and then heat cured. Before this process of lamination, each stage 
undergoes a photolithographic procedure to define the metal patterns that is capable of 
producing lines of 50p,m widths and gaps upon etching. Vias are then formed by 
mechanical punching, drilling and routing, or laser machining, and “microvias” are now 
commonly employed.
Besides being able to use low-cost substrate such as FR4 reinforced fibreglass, the 
“laminate” MCMs can also uses more superior PTFE or polyimide as the choice of 
substrate. This has seen amplifier circuits suitable for low-cost production readily realised 
with FR4 [1.8], while X-band receiver chip sets using PTFE are also being reported [1.9]. 
In particularly, Teflon® (by DuPont®) which has a low dielectric loss tangent can allow 
this type of technology to be applied even to mm-wave modules. However, the primary 
benefit is that very large boards can be processed resulting in extremely low costs, thus it 
is widely used for high volume consumer products in <20GHz range.
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1.2.3 MCM-C (Ceramic)
MCM-Cs are modules constructed on co-fired multilayer ceramic substrates using thick- 
film technologies to form conductor patterns with fire-able metals. The ceramic materials 
employed are in their un-fired or “green” state and multilayer modules are built from 
multiple layers of these tapes, or multiple screen-prints of the pastes, and finally the whole 
structures are fired together. Interconnections through each layer are achieved by vias, 
formed by mechanical punching or laser machining. The use of ceramic substrates 
provides the strength and rigidity as well as excellent thermal performance for the 
module.
In this particular field, LTCC has become the preferred choice of technology for 
implementing microwave circuits operating to 20GHz [1.10], with frequencies above this 
being presently limited by the material high tangent loss [l.II]. On the other hand, thick 
film technology offers a low cost solution, and very low loss dielectrics were available, 
but its use at higher frequencies is restricted by the poor line definition [1.12]. An 
important development in this technology that overcomes this is the development of 
photoimageable dielectric and metal pastes [1.13, 1.14]. Figure 1-4 shows a test structure 
that has a line gap and spacing of 15jim, fabricated using this modified thick film process.
20Pa 14-JlIM-Ol 00001 fl WD2Cffln 20. Ok'O xl8() 250«iii
Figure 1-4 SEM photograph of a test structure fabricated using advanced thick-film
technology
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1.3 3D MMICs
A MMIC is generally distinguished from the conventional microwave circuits by the 
process of fabrication. Unlike the hybrid MICs (HMICs), monolithic technology is a 
multilevel process approach comprising all active and passive circuit elements and 
interconnections formed into the bulk or onto the surface of a semi-insulating substrate. 
This can be illustrated in figure 1-5 with an MMIC IQ vector modulator that incorporates 
MESFETs with Lange couplers and power divider/combiner, on a common GaAs 
substrate.
mm
2.09mm
Figure 1-5 A MMIC IQ vector modulator
It can also be observed that the circuit comprises of a few active devices with a large 
number of distributed passive components, typical of a MMIC. These passive structures 
usually occupy the most circuit area and GaAs fabrication though established is still 
regarded as an expensive process. All these make the planar MMIC design relatively large 
and not cost-effective. A potential solution to these problems is to use the multilayer 
technique [1.15]. 3D MMIC technology uses multiple metal and dielectric layers to build 
up to form passive components using the additional freedom of the vertical plane.
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Various innovative transmission lines such as TFMS and V-shaped lines have been 
characterised and demonstrated [1.16, 1.17]. Power amplifiers, low-noise amplifiers, 
mixers and oscillator MMICs using multiple thin-film layers on silicon have been 
reported [1.18] and more recently with these multilayered circuits operating at V-band on 
GaAs substrates [1.19]. NTT has taken this concept even much further by developing 
their “Master-Slice” technology for reducing the development turn-around time and cost 
of fabrication. Based on this technique, single-chip receivers and transmitters operating in 
the 7GHz, 11 GHz, 20GHz and 40GHz bands have been reported with integration levels of 
the MMICs increased three-to-five times that of a planar one [1.20].
As can be seen, the evolution of multilayer technology thus gives the designer new 
possibilities to develop new circuit approaches and to improve on the traditional ones, 
both in monolithic and hybrid technology.
1.4 Thesis Organisation
This research finds possible solutions to overcome the problems of conventional planar 
MIC and MMIC technology and aims to achieve high performance yet low-cost design 
techniques in microwave and mm-wave band for the development of a fully integrated 
wireless system. Fundamental concepts of microwave mixer and modulator design are 
described in Chapter 2, with an emphasis on resistive mixers and IQ vector modulators. 
Chapter 3 describes a range of miniaturisation techniques for the hybrid couplers and 
baluns commonly used in realising these circuits, and presents a novel lumped-distributed 
Marchand balun with improved performance.
In this thesis, two design approaches based on multilayer technology are undertaken. In 
Chapter 4, multilayer ceramic technology (MCM-C) is investigated, predominantly using 
photoimageable thick-film materials. Circuits demonstrated include a compact double­
balanced resistive FET mixer and a high IP3 resistive IQ vector modulator. These modules 
incorporated bare-die MMIC chips with printed hybrid couplers and baluns using an 
overlaid configuration. TFMS is also investigated by characterising TFMS lines to 
llOGHz and realising low loss, miniature TFMS hybrid components in a thick-film
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environment, not possible with the present available thick-film process.
Chapter 5 presents the second design approach which aims to develop 3D MMICs using 
multiple BCB dielectric layers. Again, miniature hybrid couplers and baluns are first 
investigated. Resistive mixers are then realised using the “all-ports matched” balun with 
an isolation network that can achieve high isolation between its output ports and 
providing the necessary matching for the circuit with reduced component counts. To 
assess the chip size reduction factor achievable with a multilayer approach, IQ direct 
carrier modulators of the reflection-type attenuator (RTA) topology and the diode-ring 
configuration are also developed using a combination of the miniaturisation techniques 
discussed in Chapter 3.
This dissertation ends with Chapter 6, drawing conclusions from the results and 
highlighting the major contributions of this research and identifies areas for future work.
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Chapter 2 
Microwave Mixers and Modulators
2.1 Introduction
A mixer translates a signal from one frequency to another so as to enable signal 
processing, receiving or transmission to be performed effectively. For example, in the 
high frequency range, antennas of practical size can be built and there is more bandwidth 
available for higher data throughput. At the low frequency range, systems can be made 
cheaper and filters have better performance. Although good conversion efficiency is the 
desired fundamental attribute of a mixer, in many applications it needs to have also low 
power consumption, low noise and low intermodulation distortion (IMD) to operate 
optimally. Operation with low LG power is important because of the difficulties in 
achieving microwave oscillators with high output and high stability. A low noise mixer 
can reduce the number of gain stages required in a wireless system, reducing the 
component counts and hence the power requirement. Good linearity can provide the wide 
dynamic range the receivers needed and the low degradation of the modulated transmitted 
signal required for transmitters. A resistive mixer that ideally uses linear mixing fits well 
into these requirements.
A modulator, on the other hand, imposes information contained in a lower frequency 
signal to a higher frequency signal, before being up-converted by a mixer for 
transmission. The most common use of a modulator at present is probably for digital 
communication links, as modulation technique makes multiplexing in a communication 
system possible to transmit many baseband channels simultaneously without interference. 
There exist a vast number of modulation schemes, such as BPSK, QPSK to even higher 
level one such as 64-, 128- and 256-QAM. The choice of digital modulation methods is 
dependent primarily upon the bandwidth efficiency, error performance and modulators 
complexity. An IQ vector modulator can in actual fact, have the flexibility of
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accomplishing any of the modulation schemes, thus making them very attractive in these 
respects. In the following sections of this chapter, both the resistive mixer and IQ vector 
modulator are further elaborated.
2.2 Key Definitions of Mixer
To understand the mixer, its basic characteristics are first presented. Among them is the 
mixer primary performance represented by its conversion efficiency. The importance of 
its port-to-port isolation as well as the parameters associated with its linearity such as 
spurious response, intermodulation distortion, IdB compression point, third-order 
intercept and dynamic range are also described.
2.2.1 Conversion Loss
The first performance criterion for a mixer is its conversion loss. It characterises the 
efficiency of the frequency conversion process. Passive mixers have conversion loss 
whereas active mixers have conversion gain of more than 1 (or OdB). Ideally, the mixer 
produces only one upper and one lower sideband, which results in 3dB loss compared to 
the input signal. Additional losses are contributed by the devices, passive circuitry and 
through the generation of spurious responses. For a down-converter, conversion loss is 
defined as the ratio of the input RF signal power to the power of the desired IF sideband 
output.
2.2.2 Isolation
Another important parameter is the isolation between the three ports of the mixer, 
especially the LO-to-RF and LO-to-IF since the LO signal power level is usually very 
large. A good LO isolation is required, for instance, to reduce the LO leakage to the 
antenna, which upon radiation can interfere with other receivers, or to avoid the saturation 
of circuits such as amplifiers which often follow the mixer.
2.2.3 Spurious Response
Besides generating the desired frequency, a mixer produces a lot of spurious responses 
that are a combination of the RF and LO and their harmonics and can be generally 
expressed in the form of ± mwRp ± nwLo (where m and n are integers). This phenomenon
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arises due to the high nonlinearity that the device has under large signal conditions during 
the mixing process. Spurious response is also simply known as ''spurs".
2.2.4 Intermodulation Distortion
Mixers can cause intermodulation in the case of multi-tone RF input signals. For a 
situation where there are two closely spaced RF tones at w\ and W2, distortion can be 
produced at many different frequencies in the mixer’s output. Many of these components 
lie at frequencies well outside the signals that generate them and therefore can be filtered 
out. The most serious distortion is usually the third-order intermodulation, these are 
intermodulation products generated at frequencies close below and above the input pair. 
As they appear in the signal band, they cannot be rejected easily and consequently 
produce unwanted signals that interfere with the desired IF. These intermodulation 
products are similar to spurious responses in their method of generation, except that the 
tones that intermodulate are the input tones, not an input signal and LO.
2.2.5 IdB Compression Point
This is the single-tone input signal level at which the output of the mixer is IdB below 
that of the ideal output level. As such, it represents the upper limit of the input signal 
power level the circuit can handle without saturation, which otherwise results in the 
generation of nonlinear effects. For a mixer, this is the point where the conversion loss 
has increased by IdB.
2.2.6 Third-Order Intercept
Another metric often used in characterising the intermodulation performance of the mixer 
is the third-order intercept point (IP3). It is defined as the power level at which the output 
powers of the intermodulation products and of the primary desired response are equal, 
and often can be either referred to the input or the output. This is an imaginary point 
because it cannot be reached since it is located well above the saturation level, but is an 
important figure-of-merit that determines the capability of the mixer to keep the third 
intermodulation products well below the desired signal.
12
Chapter 2. Microwave Mixers and Modulators
2.2.7 Dynamic Range
This is the range of signal power over which a mixer can provide useful operation, from 
satisfactorily detecting the smallest RF signal close to the noise level to the largest RF 
signal level before the circuit saturates. Spurious-free dynamic range is commonly used, 
this is a part of the total dynamic range and has the upper limit set by the maximum input 
level that generates S'^ -^order IM products just equal to the mixer output noise level.
Figure 2.1 graphically illustrates the aforementioned parameters.
3'^-Order Intercept 
Point
1dB Compression 
Point \
0)5o
Q L
=3
CL
Primary Response
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Two-Tone
intermodulation
Spurious-Free 
Dynamic Range
Noise Level
I Minimum Detectable Signal
RF Input Power - dBm
Figure 2-1 Graphical representation of the mixer’s performance
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2.3 Microwave Mixer
A mixer is fundamentally a multiplier that through the multiplication of two inputs signals 
would yield an output consisting of their sum and difference frequencies [2.1].
COS( Wj^pt)^ COS( Wpot) = COS( Wpp -  Wpp, )t + COS( Wpp +Wp(j)t] (2.1)
One of these input signals is a pure, unmodulated sinusoid LO with a frequency, wlo, 
whereas, the other input signal is an information-bearing signal that, depending on the 
conversion process, can be either a high frequency (RF) signal of wrf, or a low 
intermediate frequency (IF) signal of wip. As shown symbolically in figure 2-2, in the case 
of a down-conversion, the RF signal is mixed with the LO to produce the desired output 
lower frequency (IF) signal, |wrf -  wlo|- The reverse applies for the up-conversion 
process, where the IF is mixed with the LO to give the high frequency (RF) signal of |wif 
+ wlo|- In each case, the desired signal can be obtained by filtering.
Mixer
IF = RF - LO
(IF) (RF = IF + LO)
LO
Figure 2-2 Illustration of down- and up-conversion
In practice, this multiplication can be represented by a circuit equation in which a current 
waveform, i(t) is generated by a product of the signal voltage, VRf{t), and a conductance,
GL2)
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In which, g(t) possess a time-varying behavior that varies at the rate of the LO frequency. 
This is realisable by a voltage-controlled conductance varying directly with the LO 
voltage waveform;
gl^Lo(t)] cc Vpo(t) (2.3)
With an applied LO voltage, a conductance waveform that vary linearly with it, is thus 
generated. Applying the RF signal to this time-varying conductance waveform will 
produce the desired sum and difference frequencies of the LO and RF. In general, these 
frequencies can be generated by any linear voltage- or current-controlled circuit element 
having the transfer function;
g[V ] = a + bV , where a, b are constants (2.4)
However, most of the commonly employed voltage- or current-controlled elements are 
non-linear in nature, which may include the junction resistance of Schottky diodes and the 
transconductance of active FETs. Their non-linear transfer function can be expressed as a 
power series;
g [ V ] = a + bV + cV^ + dV^ + ..., where a, b, c, d are constants (2.5)
Consequently, the time-varying waveform generated by the LO voltage contains a large 
number of LO harmonics and applying the RF voltage to this time-varying waveform will 
result in mixing products between the RF and all harmonics of the LO, generally 
expressed as;
= ± Wpp ±nWpQ , where n E [0, 1, 2, 3, ...] (2.6)
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Figure 2-3 illustrates the spectrum of the mixing products. In addition to the desired wrf ± 
Wlo signals, a large number of frequency components for which n is an integer but i s ^ l  
are also generated, these signals being known as the spurious responses.
Vout(^)
w
Figure 2-3 Frequency spectrum of the mixing process
When the RF signal amplitude becomes large, these non-linear elements can however be 
a function of both the LO and RF signal amplitudes. In this case, the time-varying 
waveform will contain harmonics of both the LO and RF. Consequently, the mixer output 
spectrum will contain mixing products of all harmonics of the LO and RF. These 
frequencies can be expressed in the general form;
w ^ = ±mwpp ±nWpQ , where m, n E [0, 1, 2, 3, ...] (2.7)
Therefore, a major drawback of employing non-linear devices such as diodes and active 
FETs for mixing is the generation of large number of spurious mixing products and 
intermodulation. If, instead, a voltage- or current-controlled circuit element whose 
transfer function varies linearly as in (2.4) is employed, a mixer without any spurious 
responses can be realised. The channel resistance of an unbiased FET best approximates 
this desired behavior and this type of mixer is known as a resistive FET mixer.
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2.3.1 Resistive FET Mixer
Resistive mixer development has drawn a great deal of attention since its initial 
development of a very low IMD microwave mixer using GaAs MESFET in a resistive 
mode by Maas et a l [2.2]. This type of mixer has low power consumption, high linearity 
and low noise performances, and has conversion efficiency comparable to that of diode 
mixers [2.3 -  2.5]. Though with the disadvantages of having no gain, they have on the 
other hand, unconditional stable property among these many attributes. The GaAs 
MESFETs when biased at a very low or no drain voltage is said to be operating in its 
linear or triode region of the DC I-V curve.
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Figure 2-4 Simulated I-V curve of a 2x60pm pHEMT
This is shown in figure 2-4, simulated for a pHEMT of 2 fingers, each of which is 60|im 
wide from Marconi-Caswell (now Bookham Technology) 0.25p,m gate-length H40 
AlGaAs/InGaAs pHEMT foundry process. In this region, the FET channel behaves like a
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linearly variable resistor that can be varied from almost an open circuit to a low 
impedance of few ohms [2.6], as depicted in figure 2-5.
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Figure 2-5 Variation of conductance with channel voltage for the 2x60fjim pHEMT
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Figure 2-6 Small-signal equivalent circuit of a cold-FET
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The equivalent circuit of a FET at low drain bias voltages is illustrated in figure 2-6. The 
channel conductance controlled by the gate bias (Vg) is a key parameter of the resistive 
mixer.
(2 .8)
Where, Vb is the gate bias voltage and Vw  is the LO voltage magnitude.
The LO modulates the channel conductance between its minimum (at pinch-off) and 
maximum value (zero-biased). This range of conductance determines the conversion 
efficiency of the mixer and a large voltage swing is necessary to ensure minimum losses. 
This is aided by a fixed DC, biased slightly below pinch-off voltage, this positions the 
operating point for the LO to modulate with the widest margin achievable, ensuring 
maximum conduction variation for best conversion efficiency; ie. threshold modulation.
In contrast to the transconductance of an active FET which is strongly nonlinear, the 
channel conductance of the resistive FET is only weakly nonlinear and varies almost 
linearly over a certain range of gate voltage. This also differs from the Schottky-barrier 
diode where its junction resistance varies exponentially with the applied voltage. Thus 
when the LO is applied to the gate,, a time-varying resistance with very low LO harmonics 
is generated. This results in a mixer with low spurious mixing products.
2.3.2 Single-Ended and Single-Balanced Topologies
A single-ended resistive mixer is shown in figure 2-7, and is operated in its common 
source configuration [2.7]. The channel resistance of the FET is modulated by the LO at 
the gate in conjunction with a fixed DC bias. A small RF signal is applied to the drain and 
the desired IF signal is then extracted through the same port using low-pass filter. 
Although architecturally, there is a separation between the LO and RF signals, there can 
be a considerable amount of coupling between them as the gate-drain capacitance, Cgd, is 
relatively large at low drain bias voltages. Hence, bandpass filters are needed to achieve 
the isolations between these two ports. In MMICs, this can present a problem to the 
design, as high-Q filters are difficult to realise.
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IF
LO O
RF
Figure 2-7 A single-ended resistive FET mixer
Other methods adopted to achieve the inherent LO and RF isolation without filtering took 
on the use of balanced configuration approach [2.8]. The single-balanced mixer is realised 
by combining two of the above single-ended mixers in tandem using hybrid or balun 
structures. Through the appropriate phase relationships presented by these passive 
components, isolation over a wide bandwidth can generally be fulfilled.
With twice the number of nonlinear devices in the single-balanced mixer, its LO power 
requirement is also theoretically doubled and perhaps more in practice to overcome the 
losses in the hybrids. However, besides the inherent LO/RF ports isolation, the single­
balanced topology increases the signal compression level and can have the useful 
property of suppressing LO amplitude noise as well as some high order mixing products. 
This can thus enables relatively simple receivers to be designed [2.9]. Figure 2-8 
illustrates the common realisations of the single-balanced mixer.
A single-balanced mixer as described by Kruger et ah [2.10], achieved the inherent LO to 
RF isolation by using two quadrature hybrids. As shown in figure 2-8(a), there are two 
signal paths between the LO and RF ports, one through the coupled ports and the other 
through the direct ports of the two 90° hybrids. As a result, these signal paths have a 
phase difference of 180°, this cancels the signals at the LO and RF ports. As the reflected
20
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LO and RF signals are terminated in the 50Q loads, the LO and RF port VSWR also 
improves.
Vg
O  RF
IF O
Hybrid
Hybrid
(a)
IF
Balun
LO O Balun
(b)
RF
Figure 2-8 Configurations of a single-balanced resistive FET mixer
21
Chapter 2. Microwave Mixers and Modulators
Another common single-balanced configuration, shown in figure 2-8(b), is described by 
Maas et al. [2.11], in this case, the mixer employs baluns for the LO and IF signals. The 
LO is applied in anti-phase to the two resistive FETs through a balun with the RF applied 
in phase. The RF port presents a virtual ground to any LO leakage, which will be in anti­
phase and thus provides the required LO and RF isolation. The out-of-phase IF generated 
in the drains of the two FETs are combined using a low frequency IF balun.
In practice, a Lange coupler or branch-line coupler is usually used to implement the 3dB 
power split with a 90° phase shift. The Lange coupler provides wide phase bandwidth 
however its use is generally constrained by the manufacturability of its narrow fingers and 
spacing. Branch-line coupler on the other hand, can be easily realised, but at the expense 
of larger circuit area and narrower operational bandwidth (<20%) as its electrical length is 
frequency-dependent. Having a similar structure to the branch-line version, the rat-race 
coupler is used for the 180° phase split. These passive circuits are often referred to as a 
hybrid couplers, which is a lossless, reciprocal four-port component having the following 
[S] matrix;
lS]ço‘ -
' o -j 1 o ' ' o 1 1 o '
1 -j 0 0 1 1 0 0 -1
<2 1 0 0 -] 1 0 0 1
_0 1 -j 0 . _0 -1 1 0 . (2.9)
They have the properties that all the four ports are matched, and when any port is excited, 
the output power is divided equally between two other ports and the fourth port is 
isolated.
A ring, or rat-race, hybrid is illustrated in figure 2-9. When power is applied to any of its 
port, it is divided equally between the two adjacent ports. The remaining port is isolated 
as there are always two paths between the input port and the isolated port; going around 
the ring in one direction leads from the input to the isolated port over a half-wavelength 
path; in the other direction, the path is one full wavelength, or half-wavelength longer. 
The longer path introduces a phase reversal that cancels the voltage at the isolated port
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and creates a virtual ground at its point of connection to the ring. Because of the extra 
half-wavelength of transmission line, the path from Port 3 to Port 2 has the 180° phase 
shift. This hybrid however can be relatively large and is also narrowband.
\
Port 3 Port 1
A,g/4
Port 4
A
Port 2 — ►
Figure 2-9 Rat-race or ring hybrid coupler
Alternatively, a Marchand balun, which provides a transition between an unbalanced and 
a balanced transmission line, can be used for the 180° phase split.
1
0 J -J
1 I
j <2 <2
1 1
-j <2 <2 (2.10)
The balanced output of the circuit can be treated as separate, unbalanced, out-of-phase 
ports. It then becomes a type of power divider, in which the output voltages are out of 
phase and equal in magnitude. However, as a lossless, passive three-port network, the 
Marchand balun cannot be matched at all ports and the two outputs are not isolated, as 
shown in the matrix above [2.12].
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2.3.3 Double-Balanced Topology
In the double-balanced configuration depicted in figure 2-10, by providing an IF short- 
circuit at the drain, the IF signal can be extracted from the source. The RF balun provides 
a virtual ground at the drain for the IF. Similarly, the LO balun provides a virtual ground 
for the RF and IF, while the IF balun provides a virtual ground for the RF. Thus, all the 
three mixer ports are mutually isolated. This topology provides wider IF bandwidth, 
higher dynamic range and larger power handling capability as compared to the previous 
mixer topologies [2.13].
LO O
fIF Balun
O  RF
Figure 2-10 A double-balanced resistive FET mixer
Baluns of the Marchand types are the most commonly used in balanced mixers. The 
planar Marchand balun consists of two coupled sections, which may be realised using 
coupled microstrip lines, Lange couplers, multilayer coupled structures or spiral 
transformers [2.14, 2.15].
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As seen in figure 2-11, the Marchand balun circuit comprises of an open-circuit 
transmission line and two short-circuit transmission lines. If the open-circuit impedance 
section, Zl, is a half wavelength long, the standing wave will form a short circuit node at 
the centre of the section. At this point, the currents will be at a maximum and the voltage 
at d l and d2 will be equal and out-of-phase. Two short circuit impedance sections, Z2 and 
Z3 are coupled to the open-circuit transmission line at the first and second half, 
respectively. Signals appearing at Port 1 will be induced at the output ports (Port 2 and 
Port 3), with equal amplitudes and opposite phases.
Port 1 >
V
Z l
Z2 Z3
V
Port 2 Port 3
1 V
Figure 2-11A schematic o f the balun and the voltage and current waveform of the opened
transmission line
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At low frequencies of a few gigahertz, Marchand baluns of the coupled-lines or the Lange 
coupler types are not practical. The spiral type has the advantages of compact layouts and 
increased mutual coupling, leading to shorter conductor length for a given operating 
frequency. The IF balun as illustrated schematically in figure 2-12, can be realised using a 
transmission line transformer. For the low frequency IF balun, a pair of spiral 
transformers is used in place of interdigital couplers. It consists of two oppositely wound 
twin-coil transformers connected in series. The input coil is terminated with an open 
circuit while the output coils are terminated in short circuits. Each twin coil transformer 
operates as a quadrature coupler with a centre frequency roughly corresponding to an 
unwound length of a quarter-wavelength.
Port 1 O-
i
Ô
Port 2
Open
Circuit
Ô
Ports
Figure 2-12 Schematic diagram of the transmission-line transformer
The resonant frequency of the spiral coil divides the operating frequency of the 
transformer balun into two regions; the magnetic coupling region (frequencies below the 
resonant frequency) and the magnetic/electric coupling region (frequencies above the 
resonant frequency). The former region is usually more useful because of its wider 
relative bandwidth. In this region, the inductance and the resonant frequency of the spiral 
coil are the two bandwidth limiting factors. The coil inductance sets the lower limit of the 
frequency band while the resonant frequency sets the upper limit.
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2.4 Microwave Modulator
Modulation is a technique of imposing information (analog or digital) contained in a 
lower frequency signal onto a higher frequency signal [2.16]. This lower frequency is 
called the modulating signal, the higher frequency is called the RF carrier, and the output 
signal is called the modulated signal. This can be achieved by varying the characteristic of 
a carrier signal; ie. its amplitude, phase and/or frequency. The waveform of a modulated 
RF carrier can be expressed as;
s(t )  = a(t)cos[27if^(t)t + (p(t)] (2.11)
This is defined by its amplitude a(t), carrier frequency fdt), and its phase (])(t). These 
parameters are time-variant and may be altered to generate different waveforms to 
represent digital symbols. As any frequency variation causes a phase variation and the 
reverse is also true, thus, any frequency modulation can be replaced by a corresponding 
phase modulation. The equation can be simplified to;
s(t )  = a(t )cos[27tfd + (j>(t )] (2.12)
This considers a constant carrier frequency with frequency and phase variations 
represented by parameter (j)(t). Expanding the equation using trigonometric identities give;
s(t)  = a(t)cos[(l)(t)]*cos[27tfj]-a(t)sin[(j)(t)]^sin[27ifd]  (2.13)
The modulated signal can thus be described by its IQ representation; an in-phase (I) 
signal and a quadrature (Q) signal. These signals are said to be orthogonal to each other 
because of the 90° phase difference between the two carrier components. All the
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information about the modulated carrier with the carrier frequency/c, is contained in the 
terms;
I ( t )  = a(t)cos[(f>(t)] 
Q(t)  = a(t)sin[(f)(t)]
C114)
(215)
These denote as the components of the complex baseband waveform or baseband signal, 
where through the vector representation, they can be regarded as time-variant components 
of a time-variant vector with the vector length a(t) and the angle to the I-axis (j)(t).
a(t)  = + (2.16)
(j)(t ) = tan-1 Q(t)
i ( t )
(217)
Q(t)
Figure 2-13 Constellation diagram
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2.4.1 IQ Vector Modulator
As most digital modulation maps the data to a number of discrete points on the I/Q plane, 
that is the constellation points, accomplishing this with an amplitude modulator and a 
phase modulator is difficult and complex. Alternatively, simultaneous amplitude and 
phase modulation is particularly easy with an I/Q vector modulator, usually of the two- 
channel type, shown in figure 2-14. A quadrature 3dB power divider is used to create the 
two orthogonal channels, this process places the I and Q vectors on their respective axes. 
Individual bi-phase amplitude modulator is assigned to each channel that controls the 
magnitude with a 180° phase shift capability, allowing four-quadrant operation. Using an 
in-phase 3dB power combiner, the output signals from these amplitude modulators are 
then combined to yield the resultant output vector.
RF;
R F o u t
i - Ph a s e  Am p l i t u d e  
r Mo du l a t o r
i - Ph as e  A mp l i t ud e  
Mod ul a t o r
3 d B  9 0 “ 
H y b r i d
I n - P h a s e
P o w e r
D i v i d e r
Figure 2-14 The IQ vector modulator
The conventional approach to transmitter architecture employs frequency conversion 
whereby the modulation is performed at some low IF frequency and the modulated signal 
is then upconverted to the desired RF frequency [2.17]. This approach, however, yields a 
more complex and expensive modulator. With cost as a consideration, a conventional 
heterodyne modulation that might consist of a complex chain of mixers, filters, and 
amplifiers for an upconversion process from IF to RF, is therefore not feasible to employ 
in a microwave transmitter.
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An approach, which has been investigated for mm-wave communication links, employs a 
direct modulation of the carrier wave at the mm-wave RF frequency. This is also known 
as the homodyne modulation. This concept provides an alternative solution to frequency 
conversion by using a baseband digital waveform to directly modulate the microwave 
carrier. This was first introduced by Kumar in 1990 for realising inexpensive microwave 
subsystems for future very small aperture terminals (VSAT) [2.18]. Since then extensive 
work has been undertaken on direct carrier modulation at microwave frequencies using 
monolithic technology [2.19, 2.20]. This is due to its great potential for reducing 
hardware complexity and lower fabrication cost.
2.4.2 Mixer Bi-Phase Amplitude Modulator
Mixers such as the diode mixer, active mixer and resistive mixer can all be used for 
realising the bi-phase amplitude modulators [2.21, 2.22]. These operate similarly to the 
up-conversion mixers, where the IF signal is now the modulating signal, the LO is the RF 
carrier and the up-converted output is the modulated signal, as shown in figure 2-15.
modulating signal Mixer
A
modulated signal
cos( wfi 
RF carrier
Figure 2-15 Mixer as bi-phase amplitude modulator
The bi-phase amplitude modulation consists of shifting the phase of the carrier by 180° 
(or changing the amplitude of the carrier between a positive and a negative state) in 
correspondence with the information-bearing signal. This result in two information states, 
where one could represent bit 0 and the other state could represent bit 1.
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Most often, the bi-phase amplitude modulators are realised with double-balanced diode 
mixers, which can be rather large in MMIC forms. Alternatively, with FET mixers, they 
do not have the same multifunctionality whereby the inherent unilateral nature of an 
active mixer means that, for a mixer designed for a down-converter cannot then be used 
in the reverse for an up-converter. As a result, in MMIC implementations using diode 
DBM, the IQ vector modulator tends to occupy a great deal of chip area.
2.4.3 Reflection-Type Attenuator (RTA)
Besides mixers, the reflection-type attenuator (RTA) topology as shown in figure 2-16 
can also be used as another means for implementing bi-phase amplitude modulators. It is 
potentially a much simpler technique and thus can be realised in a much smaller chip 
area, which is vital for realising cost-effective products.
3dB Quadrature 
Coupler O R F out
Coupler Port 
Notation
input
direct
coupled
isolated
Baseband Control 
Signal
Figure 2-16 Reflection-type attenuator (RTA) topology
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Two identical reflection terminations are connected to the direct and coupled ports of the 
couplers and with the other two ports forming the circuit’s input and output. The hybrid 
coupler is assumed to be perfectly symmetrical, ie. Su=S22=S33=S44 , Si2=S2 i=S34=S4 3 , 
S 13=8 3 1=8 2 4=8 4 2 , 8 1 4=8 4 1=8 2 3=8 3 2 . Hence, for small signal condition, the insertion and 
reflection loss of the analogue RTA can be derived [2.23]. The circuit represented by a 4- 
port network coupler interconnected with reflection terminations can be further reduced to 
give the overall S-matrix of the circuit as;
I -  -  r j 2 s „ s „ ( i - s „ r , ) + r , s , 4 s f , + s ^ , ) ]
'11^ L /  I ^ 1 4 ^  L 
A A A A
where, 8 1 1  = 8 2 2 , 8 1 2  = 8 2 1  and Tl is the reflection coefficient of the termination. With 
an ideal 3dB 90° coupler, ie. 8ii=8m=0 and 8 i2=j8 i3=0 .5 '^ .^ The responses of the 
attenuator circuit are;
8j j  = 0  (2.20)
(2.21)
This shows that the transmission coefficient of the circuit is dependent upon the reflection 
coefficient of the termination.
(2.22)
Z . + Z,
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This is in turn dependent on the resistive elements and with analog control it is possible to 
achieve a continuous range of resistance values, which in turn, can result in a continuous 
reflection-coefficient magnitude range. Between the on and off states, it yield a reflection 
coefficient of +1 and -1, respectively, which is of a 180° phase difference. At the 50^ 
bias point, the signals are fully absorbed with no reflections, and the ideal reflection 
coefficient would thus be zero. The reflected signals cancel at the input port of the 
coupler and add at the output port only. PIN diodes, Schottky diodes and cold-FETs are 
commonly used to realise the variable resistive elements [2.24].
Traditionally PIN diodes are used to realise tuneable resistors in hybrid MIC technology. 
But because of its control power and special foundry processing requirements, the 
implementation of such an ideal high quality variable resistor for monolithic applications 
is not popular. In spite of performance degradation, e.g., a smaller dynamic resistance 
range and larger parasitic elements compared with the PIN diode, a voltage-controlled 
cold-MESFET has been commonly employed as a tuneable resistor in MMIC technology, 
as was first demonstrated by Devlin et al. [2.25]. The cold-FET is similar to the resistive 
FET used in the implementation of resistive mixer, whereby a variable bias voltage is 
only applied across the gate-source terminals, with no DC bias to the drain terminal.
However, at mm-wave, these devices are not ideally resistive, the parasitic reactances 
such as capacitance from the gate and inductance from the drain and source terminals 
start to dominate. These cause amplitude and phase errors to the modulated signal and to 
compensate for these unwanted components, push-pull topology is used. A pair of the 
reflection-type modulators is driven in anti-phase and fed with complementary control 
(baseband signals). Since one of the single-stage RTA is ON and the other is OFF, the 
response is now totally symmetrical with an ideal balun, even at mm-wave frequencies as 
the combined output is the vector sum of the two transmission coefficients as illustrated 
in figure 2-17.
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Figure 2-17 S21 operation of the balanced bi-phase modulator
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Figure 2-18 Balanced RTA bi-phase modulator
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This can be achieved with a balun and in-phase power combiner, else a coupler can be 
placed at the input of the balanced modulator and another at the output, in an arrangement 
similar to the balanced amplifier. The push-pull bi-phase modulator is shown in figure 2- 
18. Extensive analytical treatment on this circuit has been presented by Ashtiani et al. 
[2.26] and demonstrations of a wide range of signal processing functions have since 
followed up for applications such as LMDS, LOS communications and software radar 
[2.27 -  2.29], and has proven this circuit to be simple yet effective.
2.5 Conclusions
The principles and topologies of the resistive FET mixer and IQ vector modulator have 
been presented in this chapter. Resistive mixing has been shown to be a very attractive 
means of achieving low distortion frequency conversion. In practice, this is realised by 
operating a MESFET in its linear or triode region of the DC I-V curve. Under this 
condition, the channel conductance of the FET has a linear characteristic, which is unlike 
that of a Schottky diode or the transconductance of an active FET. Applying a large LO 
signal to this device then produces a time-varying resistance that in turns generate very 
low LO harmonics. As such, the mixer has low spurious mixing products.
Likewise, direct carrier modulation using the IQ vector modulator can present a simple 
and yet cost-effective solution for digital communication. An IQ vector modulator 
produces the resultant vector by combining the outputs of its I- and Q-channel. By 
properly controlling these channels, modulation schemes such as BPSK or QPSK to more 
complex 32- or 64-QAM can be applied. In addition, modulating the RF carrier directly 
with baseband signals reduces the IF circuitry needed as compared to using multiple 
stages of frequency conversion.
To accomplish better performance or more complex operation, balanced or push-pull 
configuration is often adopted in these circuits with the use of hybrid couplers and baluns. 
In a balanced mixer, these passive components are use to provide rejection of spurious 
responses and this in turn minimises the need for filtering. In the case of a modulator, 
they are employed for signal isolation to prevent carrier leakage or are used to allow for 
high frequency operation by cancelling parasitic reactances present in the circuit.
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Chapter 3 
Miniaturisation Techniques for Hybrid 
Couplers and Baiuns
3.1 Introduction
The importance of hybrid couplers and baluns in balanced mixers and vector modulators 
has been shown in the previous chapter. These passive components, often implemented in 
planar quasi-TEM transmission line media such as microstrip, can be easily incorporated 
in MIC or MMIC form. However, the size of these hybrid circuits is proportional to the 
wavelength of the center frequency, hence, they can be prohibitively large. In particular, 
for MMICs, this translates to larger chip area and thus higher cost. Being essential circuits 
that are not readily dispensed of, their size is always a compromise, unless miniaturisation 
techniques are used to address this issue. One could use active configurations that are 
generally very compact and allow wideband operations [3.1], however, these 
implementations tend to increase the power consumption of the circuits and its 
complexity [3.2]. The more viable solution would be based on miniaturising the original 
components with passive elements, this avoids degradation in the power handling 
capability and phase noise characteristics.
Among the passive techniques, the lumped-element approach and lumped-distributed 
method uses transmission line equivalence in place of the distributed form and have 
proven to be very effective. However, conventional microstrip media being planar, not 
only impose severe restrictions on the topology of the circuit that can be designed, but 
also the minimal sizes these techniques can offer. In a multilayer environment, overlaid 
configuration can be adopted, often with the ability to be folded for achieving the 
compactness. Alternatively, TFMS, a highly miniaturised counterpart of the conventional 
microstrip can be used as the media for these circuits implementation.
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Although, these techniques are primarily introduced to resolve the large size problem, 
some circuits can have the added advantage in terms of electrical performances. A novel 
lumped-distributed balun using capacitively coupled lines has been devised in this work 
that displayed both miniaturisation as well as excellent amplitude/phase balances at the 
output ports and is detailed further in this chapter, together with the various 
aforementioned miniaturisation techniques.
3.2 Lumped-Element Approach
Branch-line and rat-race couplers are few good examples of directional couplers that have 
large circuit requirement due to the quarter-wavelength branches needed in fulfilling the 
coupling performances. The lumped-element approach is especially useful in this case, as 
it uses an artificial line represented by spiral inductors and lumped capacitors that possess 
the same electrical performances of a distributed transmission line. Therefore, by 
replacing these transmission lines with the lumped-equivalent, the hybrids can results in 
substantial size reduction and this has seen many miniaturised front-end circuits being 
demonstrated and reported [3.3 -  3.5].
The ABCD matrix for a lossless transmission line section of characteristic impedance Zo 
and electrical length 0 = j0L (where P is the propagation constant and L is the physical 
length) is as follows;
"A b ' cos PL jZ^ sin PL
C D cos PL (3.1)
90“
O o
Figure 3-1 Distributed form of a transmission line
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And for a quarter wavelength transmission line, that is pL = 90°,
"A B ' ■ 0
C D JYo 0
(3.2)
This transmission line segment can be modelled as either a low-pass “pi” network or a 
high-pass “tee” network as shown in figure 3-2 below.
jB<
JXl
/Y Y \
V
jB,
V
(a)
-jx, -jx,
-jB,
V
(b)
Figure 3-2 Lumped-element equivalents of a transmission line with (a) ”pi” network and
(b) “tee” network
And respectively, having a transmission matrix of;
~A B~ ■ 1  0 ~ j x , T
C D pi _ 0 1  \
1
jBc
L ^ C  L (3.3)
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"A B~ '1 - j X c ' 1 o' ' 1  - j X c '
C  D tee p 1 0 1 -
'1 - j X c ( 2 - S .X c  )
- J B l 1 - B ,
(3.4)
Equating the matrix elements of the “pi” network to the matrix elements of the 
transmission line segment yields Xl = Zo and Be = Yo. Similarly, for the “tee” network, 
Bl = Yo and Xc = Zo. Hence,
Z. =
W
C  =
wZ„
(3.5)
The result of the analysis is that the impedance of the elements in the low-pass and high- 
pass networks is numerically equal to the impedance of the quarter-wave line section 
being replaced.
Putting this together, a lumped-element rat-race coupler can be realised as shown in 
figure 3-3. Demonstrated by Parisi et al. in a compact, single sideband modulator [3.6], 
the coupler designed at 8GHz is realised with series inductance L of 1.4nH and shunt 
capacitance C of 0.28pF. On a 100pm thick GaAs substrate, the lO .lQ  quarter-wave 
transmission line at 8GHz is 3328pm in length and when realised in ring form, it occupies 
approximately 32mm^. An electrically equivalent design in lumped-element form 
however, measures only Imm^, an area saving of over 96% (ie. a reduction in circuit area 
by a factor of 30).
A point to note is that, this equivalence applies perfectly at only the center frequency of 
the design, but is usually able to provide the modest bandwidth needed for most 
applications. The major penalty with this technique however, is the high insertion loss 
especially at low frequency, when multi-turn spiral inductors are required.
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Figure 3-3 Schematic diagram of a lumped-element rat-race coupler
3.3 Lumped-Distributed Method
The lumped-element method has been confined to the low frequencies range due to the 
low quality factor, Q, and low resonant frequencies especially of the inductors. The 
lumped distributed quarter wavelength line as proposed by Hirota et a l [3.7], is deemed 
to be more applicable where high frequency operation is needed. This “reduced-size” 
design approach uses only shunt capacitors and short transmission lines without 
inductors. Again, this is extremely useful for the branch-line and rat-race couplers that 
employ numerous quarter wavelength branches.
A miniaturised lumped-distributed balun has been first realised by Ojha et al. [3.8] and 
Tang et al. [3.9, 3.10] has also demonstrated that these circuits using multilayer structures 
results in very small size, however these baluns have very poor amplitude/phase balance 
responses. When applied to a balanced mixer, this can cause degradation in the level of 
spurious signal rejection. A method that can reduce the size of the balun circuit yet with 
improved balance performances has been developed in this work. It employed the well 
known capacitive compensation technique for coupled microstrip lines.
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3.3.1 Reduced Quarter-Wave Line Hybrids
A transmission line shorter than a quarter of a wavelength has a lower inductance and 
capacitance and this technique retains its characteristic by compensating these reactance 
reductions. The inductance drop is offset by increasing the characteristic impedance of the 
line, whereas the capacitance loss is compensated by adding lumped capacitors. The end 
result is thus a transmission line represented by distributed series inductance and shunt 
capacitance as shown in figure 3-4.
PL
O-
jB,
V
■o
jB,
V
Figure 3-4 A lumped-distributed element equivalent of a transmission line
The transmission matrix is given by;
“A “ 1 0~ cos pL jZ  sin PL ■ 1 0~
C D jY  sin PL cos PL JB c  1_
- cos PL -  B^Z sin pL jZ  sin PL
jY  sin PL+ 2 cos PL -  j( Bç. f  Z sin PL cos PL -  BçZ sin PL
(3.6)
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Again, by equating the above matrix with that of the matrix elements of the quarter-wave 
long transmission line segment, they can be identical if the values of Z and B are;
sin PL -
cos PL (3.7)
The electrical length can be made shorter by having higher impedance Z and lumped 
capacitance C (where C=Bclw). The limit of zero electrical length corresponds to purely 
lumped elements, whereas the impedance realisable is restricted by the manufacturability 
of the physical line itself. An extremely small Ka-band monolithic image-rejection mixer 
has been demonstrated by Minakawa et al. [3.11] that made use of a “reduced-size” 
branch-line coupler as illustrated below in figure 3-5.
O  dirin
700
ISO
Figure 3-5 Lumped-element form o f a “reduced-size” branch-line coupler
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The characteristic impedance of the lines used in the conventional branch-line hybrids are 
Zo and Z0/V2, or more commonly, 50Q and 35Q. By increasing both the impedances to 
70.7^2, the quarter-wavelength lines can be reduced to Àg/8 and Àg/12, respectively. The 
size of the fabricated hybrid on GaAs substrate is SOOjum x 500|Lim. This is more than 
80% smaller as compared to the conventional branch-line coupler. The bandwidth of this 
type of hybrid has been shown to be slightly wider than its purely lumped counterpart but 
narrower than that of the quarter wavelength hybrid.
3.3.2 Capacitively Compensated Coupled-Line and Baiun
Among the various quadrature couplers, the parallel coupled-line types are perhaps the 
simplest one to implement. Commonly implemented in a microstrip environment, this 
type of parallel coupled lines can however, experience an inequalities in its even- and 
odd-mode phase velocities that leads to poor directivity performance [3.12]. As the even­
mode has less fringing field in the air region than the odd-mode, its effective dielectric 
constant is higher, indicating a smaller phase velocity for the even-mode. These 
inequalities can be compensated by employing capacitors at each end of the coupled lines 
as shown in figure 3-6, whereby the compensating capacitors will not affect the even­
mode but effectively increase odd-mode phase length or in other words, slow down the 
odd-mode waves since;
4 l c
(3.8)
dirin
ISO
Figure 3-6 A lumped-distributed coupled-line coupler
43
Chapter 3. Miniaturisation Techniques
Though intended for equalising the phase velocities of the microstrip lines, this method 
could also reduce the size of the circuit comparatively. Gokdemir et ah [3.13] has 
reported a miniaturised multilayer coupler based on this approach that has shown an 
overall length of the circuit to be almost half and the width less than a third of a standard 
Lange coupler at 30GHz. This is more than 85% smaller and a more compact layout can 
even be attained when the coupler is meandered. The capacitive compensation technique 
has been widely adopted and analyzed by various researchers to achieve high 
performance directional couplers. In particular, an accurate analysis to determine the 
compensation capacitor is given by March et al. [3.14];
C = ------------------  (3.9)
4nfo^oo
where, = —J —^  (3.10)
and,/o= frequency of operation. Zoo = odd-mode characteristic impedance, Oo = odd-mode 
electrical length of the coupled section.
Often, a Marchand balun can be easily realised by connecting two microstrip coupled- 
lines in cascade and with the required coupling factor, k, for optimum balun performance 
found by using [3.15];
where Z l= load impedance and Zo = system impedance (usually 50 ^2).
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With this configuration, it can be observed that the isolated ports of the directional 
couplers are actually the balanced output ports of the balun. Therefore, any of the 
undesired effects due to unequal even- and odd-mode phase velocities would inevitably 
contribute to the balun’s amplitude and phase performance. Using microwave network 
theory detailed in the literature [3.16], the two coupled-line sections, each represented by 
a 4-port network, can be reduced and interconnected to give the overall S-matrix of the 
balun. This assumes that all the network ports are terminated in matched loads. For an 
ideal coupler with infinite directivity and coupling factor, k, the S-parameters are defined 
by;
'5c.ll=0 5'c,21=^ S ;3 ,= - jV rT  5^ ,41 =0 (3.12)
In a practical case, where there is finite directivity, the S-parameters for a non-ideal balun 
are derived as in (3.13) and (3.14), assuming perfect matching in the couplers for 
simplicity;
i - jq r - k P ,^ jU ^ P c . , ,+ m + k ^ )
4^,21 “  PcM + jk T t
(3.13)
{ - j^ F - k P , j { \+ P )
6,31 ~  “ ■
C.41
Su = ---------------
(3.14)
In this case, the transmission coefficient, T, is defined as the power directed to the output 
after coupling and power loss to the isolated port, Pc,4 i, and is given by;
T=1-IF-P^,,4, (3.15)
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Based on this analysis, the amplitude and phase imbalances of a 3dB balun with 50-50Q 
and 50-230^2 transformation are plotted vs. the couplers’ directivity in figure 3-7. It can 
be seen that the finite directivity can have a profound effect on the performance of the 
Marchand balun, in particularly, on its phase performance. For a planar microstrip balun 
to exhibit a reasonably good amplitude/phase balance, the directivity of the coupled lines 
need to be as high as -30dB.
CO■o
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Figure 3-7 A graph of coupleras directivity to balun performances -  50-50Q balun ( --------)
and 50-230Q balun ( - - - - )
As such, part of this thesis has been put onto the development of a reduced size Marchand 
balun with excellent amplitude/phase balances responses. The devised lumped-distributed 
balun is shown in figure 3-8, with a size reduction of approximately 20% of a 
conventional one.
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P o r t  1
P o r t  2 P o r t  3
Figure 3-8 The schematic of the proposed capacitively-compensated Marchand balun
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Figure 3-9 Measured performances of the proposed ( ) and conventional ( - - - - )
Marchand balun with 50-230Q impedance transformation
Experimental results have shown that the output ports of the proposed Marchand balun 
exhibits a worst case amplitude imbalance of ±0.2dB and phase imbalance of ±3°, across 
a frequency range of 1.8 -  2.4GHz. Whereas, the conventional Marchand balun
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performance, shows worst case amplitude imbalance of 0.9dB and phase imbalance of 8°. 
The narrow operational bandwidth is a result of the impedance transformation. In general, 
the larger the transformation ratio, the smaller the achievable bandwidth. In comparison 
with the conventional balun, the operational bandwidth attained by the proposed balun 
has however increased by about 65%. Thus, this technique has proven to be effective in 
achieving excellent balanced performance yet with compact circuit size.
3.4 Overlaid Configuration
Previous methods based on lumped- and lumped-distributed elements are in general 
limited by the operational bandwidth, of which the quadrature branch-line hybrids gives 
about 20% bandwidth of the center frequency [3.17]. Distributed-line couplers are able to 
offer more than that and have often been realised on a planar structures by edge-coupling 
strip lines. To accommodate for tight coupling, they are required to be interdigitated and 
hence shortening or bending of such lines and this is difficult. The potential use of 
overlaid structures on MMICs was first recognised by Marczewski et al. [3.18]. With 
multilayer MMICs, very tight coupling can be achieved more easily by employing one of 
a number of broadside or offset-broadside coupling structures. Besides that, this type of 
implementation can also have the advantages of design flexibility and compactness 
through folding or meandering as shown in figure 3-10.
D i e l e c t r i c
S u b s t r a t e  C a r r i e r
G r o u n d  P l a n e
Figure 3-10 Overlaid configuration o f a directional coupler
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Analytical treatment to the design of compact multilevel folded line couplers has been 
presented by Settaluri et al. [3.19] and a multilayer monolithic coupler employing 
broadside coupling, with one track above the other has been practically demonstrated by 
Robertson et al. [3.20]. When compared to a Lange coupler this coupler achieves the 
same bandwidth performance while using only half of the chip area. Pavio et al. [3.21] 
later demonstrated a Marchand balun using multilayer structures.
3.5 TFMS Transmission Line
The various miniaturisation techniques as described above have been very effective in 
reducing the sizes of the hybrids, however, there are still room for improvements. For 
example, miniaturising the components by using meandered lines, although this is limited 
by the coupling between these lines, which can have a particularly undesirable effect on 
the phase balance of a coupler. For the lumped and lumped-distributed methods, they 
require additional through-substrate via-holes for the shunt capacitors, which are typically 
60|xm in diameter on a 100pm thick GaAs substrate and the parasitic inductances can be 
of paramount significance at upper microwave frequencies.
These problems can be resolved by using TFMS lines. These are lines as illustrated in 
figure 3-11, fabricated on a thin dielectric film deposited on top of a ground plane which 
has been in turn deposited onto a carrier substrate such as GaAs, Si or Alumina. On a 
conventional 100pm GaAs (8r=12.9) substrate, a 50Q microstrip line would yield a line 
width of 70pm, whereas, with a BOB (er=2.65) dielectric of 3pm height, a TFMS line 
would be less than 10pm wide. As such, the size is dramatically reduced and tight 
meandering is the key means to circuit miniaturisation in this method, as the lines can be 
placed much nearer to one another now. A spacing of three times the dielectric height has 
been stated by other researches for minimal crosstalk [3.22].
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3 p m Dielectric Ground
Plane
100 p m Substrate Carrier
Figure 3-11A typical TFMS structure
Additional through-substrate via-holes for the shunt capacitors are not required using 
TFMS because the ground plane is on the front face of the chip and smaller vias of sizes 
<6pm can be used instead. Moreover, with a smaller insulated distance, overlay capacitor 
of metal-insulator-metal (MIM) type can be realised with a smaller metallised area of the 
same capacitance value as that on a conventional substrate configuration. Hence, TFMS 
circuitry can give a dramatic reduction in circuit size, as evidenced by many of the 
hybrids being reported [3.23 -  3.25] and subsequently numerous compact transceiver chip 
sets [3.26, 3.27]. Another distinct advantage due to the small dimensions is that circuit 
operating into the sub mm-wave region can now be realised, without resorting to more 
sophisticated micromachined or waveguide structures.
The most common choices of dielectrics used are silicon nitride (Si3N4), silicon dioxide 
(SiOz), and polymers such as polyimide and benzocyclobutene (BCB). The choice of the 
dielectric material directly impacts the circuit performances, since signal propagation 
speed is inversely proportional to permittivity of the dielectric, and characteristic 
impedance is determined by the dielectric thickness. With the commonly used dielectrics 
having considerably lower dielectric constant than that of GaAs or silicon, the physical 
line lengths are longer as a result. This contributes to relatively higher transmission loss in
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addition to that by the high resistance of the very narrow signal conductors. However, 
with appropriate dielectric height and material, these drawbacks can be overcome.
3.6 Conclusions
This chapter has reviewed various miniaturisation techniques commonly used in reducing 
the sizes of microwave passive hybrids, as well as the proposal of a lumped-distributed 
Marchand balun that is capable of providing nearly ideal performance. The analytical 
treatment presented in this chapter has shown that the poor directivity of the coupler used 
to construct the balun can degrade its amplitude and phase balance responses. The poor 
directivity of the coupler is primarily caused by the unequal even- and odd-mode phase 
velocities, which arise in the inhomogeneous microstrip medium. The method equalises 
these phase velocities by slowing down the odd-mode wave through the use of 
compensation capacitors in the two coupled-line sections that made up the balun. This 
prototype achieves a size reduction of about 20% and of good performances; a worst case 
outputs amplitude and phase imbalance of ±0.2dB and 3°, respectively across a frequency 
range of 1.8 -  2.4GHz. Also, a 65% increase in operational bandwidth is achieved in 
comparison to a Marchand balun that is not compensated.
Another important miniaturisation technique discussed in this chapter is the use of TFMS. 
Similar to a conventional microstrip, it can also be used to implement lumped-distributed 
circuits or the original passive components but with the benefits of having much smaller 
line width/spacing and the use of microvias. In additional to circuit size reduction, this 
type of transmission line has the potential of implementing circuits operating up to the 
sub mm-wave range. The only drawback being its higher insertion loss which must be 
traded off with these advantages. In general, by considering alternative circuit 
configurations for these passive hybrids, higher integration levels and compactness of the 
overall wireless system can be achieved, thus reducing the fabrication costs.
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Chapter 4 
Photoimageable Thick-Film Technology
4.1 Introduction
Increased use of microwave multi-chip modules (MCMs) for wireless communication 
systems has led to the search for low-cost, high quality microwave fabrication 
technologies that are also suitable for high volume production. Standard thick film 
technology offers a low cost solution, but the poor line definition and high losses often 
restrict its use at higher frequencies. As mentioned earlier in Chapter 1, an important 
progress in this technology that overcomes these drawbacks is the development of 
photoimageable dielectrics and metal pastes. This novel material and advanced circuit- 
patterning technique can yield conductor strips with resolution and edge definition 
comparable to thin film technology whilst still using thick-film processing techniques 
which are lower in cost.
In this chapter, microwave circuits are demonstrated using multilayer photoimageable 
thick-film technology. This involves a very thin layer of photoimageable thick-film 
materials, HIBRIDAS HD 1000 of height, h=18|4m with a dielectric constant, 8r=8, laid 
over a 635|xm ceramic (£r=9.8) substrate carrier. These circuits achieve very high 
performance benefited both from the process fine line characteristic and the compatibility 
to multilayer processing. Of which, TFMS interconnect technique is demonstrated for the 
first time in a thick-film process, by characterising and realisation of miniature hybrids. 
Overlaid configuration has been employed to realise a broadband coupler as well as 
compact quadrature coupler and baluns used in a double-balanced resistive mixer and a 
resistive IQ vector modulator. The performances of these circuits are optimized using 
Momentum™ (part of Agilent ADS™).
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4.2 Photoimageable Thick-Film Process
This advanced processing technique is a combination of conventional screen-printing 
(used for deposition of photosensitive paste on the substrate) and a photoimaging process 
(for patterning) [4.1]. The standard processing sequence is as shown in figure 4-1.
S T AN DA R D  T H I C K - F I L M  
T E C H N O L O G Y
F
P R I N T D R Y E X P O S E  J  — ► C  D E V E L O P F I R E
Figure 4-1 The photoimageable thick-film process
The photoimageable process is an extension of the conventional thick film technology, in 
which standard thick film paste is replaced by a photosensitive material. Photosensitive 
thick film pastes have been developed by combining a photosensitive vehicle and metal- 
glass powders, both of which affect the electrical properties and resolution characteristics. 
As illustrated above, the process steps are as follows: the thick film paste is first blank 
printed over the total area of the substrate. As the ability to print sharp edge features is not 
required, the levelling properties of the photosensitive pastes are optimised to provide a 
uniform thick film with a very smooth and dense surface, free of pinholes and other 
printing defects. Drying of the printed thick film layer is performed at 100°C for 10 
minutes. No special lighting or atmosphere conditions are needed during the printing or 
subsequent drying stages.
The printed and dried thick film layer is then exposed to a high intensity ultraviolet light 
through a negative photo mask. The formed photopolymer in the locally exposed areas 
greatly affects the solubility characteristics of the paste creating a latent image on the 
substrate. The unexposed regions are removed during a developing procedure of 10
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seconds duration using sprayed 0.5% monoethanolamine as the developer. The 
polymerized exposed regions remain on the substrate without lifting or peeling from the 
substrate. The firing is performed in a conventional thick film furnace to provide the high 
density thick film structure. Excellent adhesion of narrow tracks with vertical edges is 
achieved after firing of developed substrates.
It should be noted that the conductor dimensions are defined before the firing step, so 
some allowance must be made at the layout stage for shrinkage during firing. This is in 
contrast to the “photoengraveable” process, where chemical etching of the conductor is 
performed after firing. The relative advantages and disadvantages of the two generic 
processing methods very much depend on the application. The photoimageable process, 
for example, is well suited to LTCC technology since multiple conductor layers can be 
imaged before the final firing step. The properties of a photoimageable thick film process 
depend considerably on the photosensitive pastes and equipment used for exposure and 
developing. A test structure of line width and line spacing of 15p,m has been realised, 
which was processed using HIB RID AS gold paste HC 7900 and dielectric paste HD 1000. 
Fabrication was performed using the HIBRIDAS standard exposure unit MA3 and 
developing unit SC4.
Currently, several material manufacturers have begun to introduce their ranges of 
photoimageable materials. For the dielectric paste, these include the FODEL® range from 
Dupont® [4.2], KQ™ range from Heraeus [4.3] and HD range of materials from Hibridas 
[4.4]. Table 4-1 compares their main properties.
Table 4-1 Comparison of photoimageable materials (tanô @lGHz)
FODEL®-Dupont® 
' FODEL® 6050
KQ™ -  Heraeus 
: KQ™125
HD-HIBRIDAS 
HD 1000
Dielectric Constant, Er 7 3.9 8
Dissipation Factor, 
tanô
0.004 1 X 10'^ 2 X 10 "^
Via Resolution 75|Lim < 75pm 40pm
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It should be noted that the HD 1000 material has a higher dielectric constant than most 
other commonly used TFMS dielectric materials. This might be disadvantageous when 
propagation delay is important, but for microwave circuits this is an advantage since lines 
will be physically shorter in circuits employing couplers and filters. Also, the 8r is closer 
to that of Alumina, giving more closely matched even- and odd-mode phase velocities in 
multilayer coupling structures.
4.3 TFMS Characterisation and Design
TFMS lines have been investigated by various researchers, with an emphasis on MMIC 
and thin-film multi-chip module (MCM-D) technology [4.5, 4.6]. Here, the characteristics 
of TFMS implemented on thick-film photoimageable materials have been studied over a 
wide frequency range of 1 -  llOGHz. Effects due to coupling between lines and 
discontinuities at bends in meandered lines are also investigated. This provides a better 
understanding of the performance capabilities, and leads to the demonstration of miniature 
branch-line and rat-race couplers using the meandered TFMS lines.
18|Lim Hibridas ( £r = 8) Ground
Plane
635 p m Alumina ( £r= 9.8)
Figure 4-2 Configuration of TFMS with photoimageable dielectric
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Figure 4-2 illustrates the TFMS structure, with HIBRIDAS photoimageable dielectric 
material (8r ~ 8) of height 18pm laid on top of a 635pm Alumina carrier (6r = 9.8). Two 
prints of the dielectric were used to achieve the required thickness and avoid pin holes. 
These thin film transmission lines and small via holes are fabricated using photoimaging 
technique instead of the direct screen-printing technique used in a conventional thick-film 
process.
4.3.1 TFMS Characterisation
The microwave characterisation of the TFMS to W-band is carried out using an 
HP8510XF^^ vector network analyzer (VNA). To extract the attenuation and effective 
dielectric constant of the TFMS, a Thru-Reflect-Line (TRL) calibration using MultiCal® 
developed by NIST [4.7 -  4.9], is employed with the calibration standards being the 
TFMS lines themselves. The standard set comprises of a THRU line of 1000pm, four 
DELAY lines of 500pm, 1000pm, 4000pm and 10 000pm, and an open circuit REFLECT 
standard. TFMS lines were then characterised for line widths of 15 -  50pm with a 5pm 
interval.
4.3.1.1 Experimental Results
Figure 4-3(a) shows the measured effective dielectric constant and typical loss per unit 
length of a 50Q TFMS line, which includes conductor and dielectric loss. The mean 
effective dielectric constant is found to be 5.3 and it is observed to have a rapid increase 
in the lower frequency range.
In TFMS where the signal and ground conductor thickness are relatively small, the skin 
depth can have a significant effect in the low frequencies range. The skin depth becomes 
large compared to the metallization thickness, and the ground conductor cannot shield the 
transmission line from the carrier substrate, so part of the ground current flows within the 
carrier substrate’s ground plane [4.10]. This causes the effective dielectric constant to 
increase in the low frequency range.
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Figure 4-3 (a) Measured effective dielectric constant and attenuation of a 50 Q TFMS line, and 
(b) modelled and measured characteristic impedance o f TFMS lines
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The fabricated TFMS lines give characteristic impedances in the range of 30-65Ê2. There 
is generally good agreement with the electromagnetic simulations. For the narrowest lines, 
the discrepancy is worst and this is probably due to the field solver’s approximate 
treatment of metal thickness effects, whereby Momentum™, as used in this case, is 2.5D 
since horizontal via currents are not modelled.
The discrepancy is greatest when the metal thickness / track width ratio is largest. By 
introducing a second metal conductor layer with via edges, as recommended [4.11], a 
significant improvement in accuracy is achieved, as shown in figure 4-3(b). 3D planar or 
3D-arbitrary simulations might be expected to give a further improvement. Higher 
impedances can be attained with an increased dielectric height, by using more printing 
steps. The narrow line width provided by this process is enough to produce a wide enough 
impedance range for the design of microwave circuits.
15um
20um
30um
40um
60um
0.2
0.0
50 GO 70 
Frequency - GHz
90 100 110 120
Figure 4-4 Measured attenuation of TFMS lines o f various widths
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The attenuation of the fabricated TFMS lines is presented in figure 4-4. These results are 
comparable to the best results achieved with thin film technology. As in the study 
conducted in [4.5], the TFMS at 20GHz attained an attenuation loss of O.ldB/nun, 
whereas in this work, a loss of 0.25dB/mm is achieved. The main disadvantage of a 
TFMS is its higher transmission loss, due especially to the high resistance of the very 
narrow signal conductors. However, by careful choice of dielectric material and thickness, 
the loss can be made acceptable. This slightly degraded performance must be traded off 
with the smaller circuit size and lower manufacturing cost.
4.3.2 Meandered TFMS
Straight lines provide excellent transmission performance, but are avoided in most 
practical designs. In TFMS technology where very narrow lines are possible, meandering 
is the key means of miniaturising circuitry. However, coupling between line segments and 
additional charge accumulation at comers due to bend discontinuities introduce parasitics 
that can degrade circuit performance, particularly at millimeter-wave frequencies. These 
causes undesired phase and amplitude deviations and spurious coupling [4.12]. Undesired 
effects can often be minimised by chamfering or mitering the conductor comers, this is 
done when the process allows high printing resolution, else, it can be compensated by 
adjusting other circuit parameters such as line lengths and characteristics impedances.
The meandered TFMS line test stmctures were as shown in figure 4-5. TFMS lines of 
width 15pm, 20pm, 30pm and 50pm were used with gaps of 15pm, 20pm, 30pm, 50pm, 
100pm and 200pm for investigating the effects of tight meanders on the attenuation and 
electrical length characteristics. The coupled length was 400pm, and the total track length 
was kept constant for all stmctures. The lines with width of 15pm, 20pm, 30pm and 
50pm correspond to simulated characteristic impedances of 65&1, 55^2, 47Q and 32Q, 
respectively.
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Figure 4-5 Photograph of the meander TFMS lines test structures (All dimensions in pm)
4.3.2.1 Experimental Results
The attenuation performance achieved for the 50i2 TFMS line with varying gap spacing is 
as shown in figure 4-6(a). Higher losses are obtained for tightly meandered TFMS lines, 
since current crowding would occur along the coupled edges. Meandering these narrow 
lines also causes a deviation from linear phase, and the measured insertion phase at 
60GHz is presented in figure 4-6(b). With the same physical length, a meandered line 
produces a shorter electrical length compared to a straight one and this effect increases 
with tighter meandering.
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4.3.3 TFMS Couplers
The design of a branch-line coupler requires the use of 35Q and 50Ê2 lines, and that of a 
rat-race coupler requires 50^2 and 70^2 lines. The TFMS technique gives line widths of 
50p,m, 30|im and 15p,m, respectively, for the 35Q, 50Ê2 and 70Q lines, whereas 
conventional microstrip on h=635|Lim Alumina would need line widths of 1200pim, 
620pim and 270|im, respectively. Hence, it can be seen that the TFMS designs will be 
dramatically smaller.
The fabricated hybrids designed for X-band operation are shown in figure 4-7: the circuit 
area for the branch-line coupler is only 1.19 x 1.07mm^; the rat-race measures only 2.10 x 
0.6 Imm^. When implemented with conventional microstrip they would measure 
approximately 4 x 5mm^ and 6.5 x 3.5mm^, respectively, which is about 17 times larger. 
TFMS as investigated earlier, with reasonable line spacing, the effects of meandering can 
be made tolerable, hence it can promise good performance yet compact circuit.
A; '  ^ " -.‘O-
''f  - . .  '
Eoo05
2 .1 2mm
IÜ
2 .20 m m
CO
CO
(a) (b)
Figure 4-7 Photographs of the miniaturised (a) branch-line and (b) rat-race couplers
6 2
Chapter 4. Photoimageable Thick-Film Technology
4.3.3.1 Experimental Results
The fabricated branch-line coupler exhibits a coupling loss of 3.8dB, and return loss and 
isolation better than -20dB at lOGHz. The maximum amplitude imbalance is 0.6dB from 
9 to llG H z and the phase difference of 90° is within ±1°. The measured performance is 
shown in figure 4-8.
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Figure 4-8 (a) Simulated and (b) measured performance o f the branch-line coupler
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The miniature rat-race coupler, with the measured performance shown in figure 4-9, 
exhibits a coupling loss of 4.2 ± 0.3dB over a wider bandwidth of 9 to 12GHz. The return 
loss, Sii, and isolation, S4 1 , are better than -14dB, and the phase difference of 180° is 
within ±5°. Discrepancies can be observed with poorer return loss performance from the 
measurement result, as the measured Zo was 60Ê2 and not the 70Q as was designed. These 
differences are due to the fact that the metal thickness becomes more significant as the 
line get narrower, which reduces its impedance.
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Figure 4-9 (a) Simulated and (b) measured performance of the rat-race coupler
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4.3.4 220GHz VNA Measurement
As the operating frequency increases, conventional microstrip circuits get physically 
smaller and thus, both the design and fabrication also become increasingly difficult. For 
example, at 28GHz, a 50^2 quarter-wavelength microstrip line on a 635pm Alumina 
substrate has a width and length of 760pm and 940pm, respectively. These dimensions 
can cause a breakdown in the design of microwave circuits. Since the transversal 
dimensions of TFMS lines can be scaled down, they can show excellent low-dispersion 
properties and can be used even up to the submillimeter-wave region. In this case, at 
28GHz, the line width and length of a 50^2 quarter-wavelength TFMS line on a 18pm 
thick HD 1000 dielectric are 21pm and 1130pm, respectively.
Using TFMS lines, the performance of photoimageable material and circuit-patterning 
technique is assessed to 220GHz, again using the HP8510XF™ VNA with an Oleson 
Microwave Labs, extension system at the University of Surrey. The measurement system 
and a close-up picture of the probes are illustrated in figure 4-10.
(a) (b)
Figure 4-10 The (a) 220GHz network analyser measurement system and (b) close-up picture of
the probes
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4.3.4.1 Experimental Results
Excellent transmission amplitude and phase performance of a 50^2 TFMS THRU line 
after calibration has been achieved as shown in figure 4-11. This can be attributed to the 
low loss material used and fine line definition produced in the fabrication process. As 
such, without employing more sophisticated or non-planar interconnecting techniques like 
micro-electromechanical systems (MEMs) interconnect structure, TFMS can readily 
deliver performances beyond lOOGHz.
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Figure 4-11 Measured transmission amplitude and phase performance of a 50 Q THRU line
4.4 Overlaid Structures
Above work has demonstrated the feasibility of implementing TFMS technique in a thick- 
film environment as well as using this approach to resolve the size problem of planar 
hybrids. Again, based on multilayer approach, another development is centered on passive 
circuits that are dependent on coupled-lines. These include directional coupler and baluns, 
of which their performances are very much dependent on the amount of coupling 
achievable by these lines. With standard thick-film processing, achieving tight coupling in 
a planar coupled-line is however, nearly impossible and this made the design of the
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hybrids and baluns relatively difficult. For example, a multi-section coupler is often 
unrealisable due to the high level of coupling imposed for the central section required in 
realising the tight quadrature hybrids.
A broadband 3dB, 90° coupler and a RF Marchand balun in multilayer photoimageable 
thick-film technology are realised in this part of the research.
4.4.1 Broadband Coupler
For wide operational bandwidth, a three section design is employed; a broadside coupled 
central section for tight coupling of 2dB and two loosely edge coupled-lines of 20dB at 
each ends of the central section, of which the coupling factors are calculated from the 
literature [4.13]. Using the multilayer configuration has allowed the flexibility of having 
both output ports to be placed on the same side of the coupler to simplify the routing of 
signals as well as providing equal phase responses for balanced microwave circuits. The 
high dielectric constants of both the dielectric and substrate carrier used do not require 
phase compensation between the two overlapping lines, resulting in a more symmetrical 
design.
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Figure 4-12 Photograph of the fabricated broadband coupler and its measured performance
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Shown together in figure 4-12 is the fabricated coupler of intrinsic area, 18mm x 4mm, 
with its measured performances. A coupling of 3.6dB and a phase shift of near 90° has 
been achieved over 2.5 -  6.5GHz, an operating bandwidth of 4GHz. A ±0.2dB amplitude 
imbalance and ±2° phase imbalance is achieved. By compromising the amplitude 
performance to a tolerable range (i.e. over-coupling at the center frequency), a wider 
bandwidth can be further attained.
4.4.2 RF Marchand Balun
Similarly, the Marchand balun is realised with two overlaid couplers offset to yield the 
required 4.8dB coupling. This constitutes to a conductor width of 400pm and 200pm for 
the upper and lower track, respectively. On the other hand, with a Lange coupler on a 
635pm Alumina, this would require fingers with width as narrow as 65pm and spacing of 
135pm. With additional dielectric layer, this construction simplifies the design as well as 
the manufacturability of the coupled-line section. Figure 4-13 depicts the measured 
amplitude and phase imbalances of the multilayer RF balun and a nominal coupling of 
4.8dB and phase of 176° is measured across 4.4 -  6GHz.
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Figure 4-13 Measured amplitude and phase imbalances of the RF Marchand balun
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4.5 Multilayer Resistive FET Circuits
In this work, two resistive FET modules; a double-balanced mixer and an IQ vector 
modulator, have been implemented using this modified thick-film process. The modules 
incorporated MMIC bare dice onto the Alumina substrate through wire bonding. These 
FET quads are fabricated using the Marconi (now Bookham Technology, Caswell) 
foundry process. The RF/LO baluns were implemented using multilayer couplers shorted 
with radial stubs in place of the more expensive laser-trimmed through-substrate via-holes 
and readily available SMT resistors are used for the termination and isolation needed in 
these printed circuits.
4.5.1 Double-Balanced Mixer
A double-balanced mixer as compared to its single-ended and single-balanced 
counterparts, can offer the widest dynamic range, highest power handling capability and 
inherent isolation between all ports, to name but a few. As presented in the previous 
chapter, the circuit structure consists of a ring quad with two RF baluns and an IF balun. 
A compromise of the RF/IF performance with smaller circuit area can be achieved by 
eliminating the IF balun [4.14].
DC Bias
LO o-
IF
-ORF
Figure 4-14 Schematic circuit o f the DBM
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This study is driven by the aim to realise a low-cost yet high performance mixer through 
assessing both the materials as well as the circuit configuration used. Figure 4-14 
illustrates the low frequency equivalent circuit of the designed resistive double-balanced 
mixer. Figure 4-15 shows the photograph of the complete double-balanced mixer, 
consisting of a FET quad, LO/RF baluns and SMT resistors. The module occupies an area 
of 13 X 13mm^ and was measured using an Anritsu test fixture.
1 mm
Overlaid
Structure
SMT
MMIC
. MB LO
m m
13mm
E
CO
(a) (b)
Figure 4-15 Photograph of the FET resistive mixer: (a) MMIC FET quad (b) complete circuit
4.5.1.1 Experimental Results
Figure 4-16(a) shows the conversion performance of the mixer biased near its pinch-off 
voltage of -1.4V and is measured with IF fixed at 250MHz and RF at 5.5GHz while 
sweeping the LO power levels. Good conversion loss of approximately lldB  can be 
achieved down to +5dBm of LO power. With this low LO power, another conversion loss 
measurement was carried out with RF/LO frequency swept across the frequency range of 
4 -  7GHz, while still maintaining IF at 250MHz. Conversion loss of approximately lOdB 
was achieved as shown in figure 4-16(b).
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Figure 4-16 Measured conversion loss with IF fixed at 250MHz and (a) varying LO power,
(b) L0=+5dBm
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Figure 4-17 Measured (a) port-to-port isolation and (b) 3'^ -^order intercept at L0=+13dBm at
RF of 5.5GHz
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The LO-to-IF isolation and RF-to-IF isolation were also measured over these frequency 
ranges. Nominally, 30dB of isolation was obtained across the frequency band. This is as 
shown in figure 4-17(a). In order to investigate the intermodulation properties of the 
mixer, two-tone intermodulation measurements were performed. As presented in figure 4- 
17(b), the input S'^ -^order intercept point (IIP3) for the DBM measured at 5.5GHz is
+24dBm with the LO power set at +13dBm.
4.5.2 IQ Vector Modulator
Many of the IQ vector modulators implemented with the bi-phase modulations (I and Q) 
performed using mixers are based on active FETs or more commonly, the Schottky- 
barrier diodes. Very high LO power level is usually required in a double-balanced diode 
mixer to attain the linearities needed. Highly linear IQ vector modulator employing the 
concept of FET in resistive mode operation has already been demonstrated [4.15]. Both 
the modulating signals (I and Q) are applied at the gates to modulate the RF carrier at the 
drain. In this study, the investigated IQ vector modulator also applies the cold-FETs 
principles, however each bi-phase modulator is configured with FET quad in a balanced 
structure like the diode ring. This provides the high isolation needed for accurate IQ 
transmitted signal constellations.
The proposed passive IQ vector modulator as shown in figure 4-18, like its basic 
counterpart, comprises of four common RF components; two mixers, a quadrature hybrid 
and an in-phase power-combiner. In this study, each of the bi-phase modulator is applied 
with two modulating signals at the gate that varies the time varying linear resistance of the 
channel. As such, modulation occurs at one quadrant for each modulating signal, thus 
requiring four controls signals to realize a full constellation plot. The IQ vector modulator 
is constructed with two bi-phase modulators made up by the double-balanced mixer 
fabricated earlier.
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Figure 4-18 Schematic of IQ vector modulator using FET quads
Referring to figure 4-18, the bi-phase amplitude modulator of the proposed circuit has 
signal paths controlled by 1% that are in-phase from the input transformer, T l, to the output 
transformer, T2, whereas those controlled by Ii have a phase reversal. This constitutes a 
180° phase difference, thereby performing the bi-phase modulation.
The FETs acting as variable switches have their channel resistance changing in 
accordance to the level of the baseband signals, which then alters the amplitude of the RF 
carrier. With applied control signals of zero, the RF carrier is absent at the output of the 
circuit. At this level, no modulation occurs and due to the double-balanced configuration, 
the RF carrier sees a virtual ground at the FETs terminals connected to the output 
transformer. This is indicated by the origin of the constellation as shown in the inset of 
figure 4-18. With applied voltages, the amplitude of the RF carrier is modulated and has 
its best insertion loss performance represented by the magnitude furthest away from the 
origin of the plot.
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Figure 4-19 Fabricated IQ vector modulator
Figure 4-19 shows the fabricated IQ vector modulator, measuring 25.4 x 25.4mm^. Great 
consideration is taken during the layout phase to preserve the symmetry of the circuits in 
order to achieve excellent amplitude and phase balance of the vector modulator. The 
Marchand balun described earlier is used in this work.
4.5.2.1 Experimental Results
The static constellation and frequency response of the vector modulator were measured 
using an HP8510C™ vector network analyzer. The I and Q control voltages were swept 
from -2V to OV, in steps of 31.75mV, in order to obtain the static constellation shown in 
figure 4-20. At biases near to the pinch-off voltage of -1.4V, the mixer has the best 
conversion efficiency. This is the point where the device begins to turn on and biases 
lower than this up to -2V will therefore put it in the OFF state. As such, no modulation 
takes place within this range of voltages. Together with the situation when there is no 
applied control signals, the absence of RF carrier at the output of the circuit causes the 
concentration of points at the center of the constellation.
The transmission response has been ideally centered on the polar plot. The origin of the 
plot represents zero carrier magnitude and thus no modulation takes place at this moment 
of time when the biases (information signals) are zero. In this case, a maximum 
attenuation value of 38dB is attained at the matched bias point, represented by the plot’s 
origin.
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Figure 4-20 Measured static constellation of vector modulator with swept bias control voltage
at 5.8GHz
The raw constellation achieved however deviates from the ideal square one. This 
discrepancy is due to amplitude and phase errors resulted from slight imperfection in 
components used and inherent parasitics when operating the devices at high frequencies. 
A complementary biasing scheme can be employed to achieve improved constellation 
accuracy, however at the expense of doubling circuit area. With the use of computer 
programs, a specific static constellation such as 16- or 64-QAM can be easily extracted. 
This involves searching through the data to find the best possible match at each 
constellation point.
The measured magnitude response of the vector modulator as a function of varying bias 
voltage is shown in figure 4-21. With an insertion loss of approximately lldB , the 
modulator has attained a large magnitude control range of 28dB. This will prevent any 
carrier leakage when the devices are off. Again, by varying the level of Ii-channel, the 
amplitude response of the vector modulator as a function of frequency is plotted as shown 
in figure 4-22. Across these frequency ranges, a best insertion loss of about 9dB is 
achieved.
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Figure 4-21 Measured magnitude response of vector modulator as functions o f varying bias
voltage at 5.2GHz
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Figure 4-22 Measured amplitude response with varying Ii control voltages (l2=Qi=Q2=0V)
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Figure 4-23 3'^ ‘^ -order intercept point measurement with modulator operating at 5.2GHz
The intermodulation properties of the modulator were also studied by performing a two- 
tone test at 5.2GHz. Figure 4-23 shows the output power as a function of the input signal 
and the input S'^ -^order intercept point (IIP3) of the vector modulator is found to be at 
-i-28dBm. For the B^ ^^ -order intermodulation, the deviation from the 3:1 slope as seen on 
the graph might be due to the presence of the 5*-order distortion, which has become 
significant at this particular input power level.
Table 4-2 Performance of typical IQ vector modulators of each type
' Gilbert Cell PIN 1 Diode DBM Resistive FET 
(This work)
Gain (dB) 12 -1 0 -8 -9
IIP3 (dBm) -5 -k40 +-10 -k28
IQ Control Current 
(mA)
10 100 40 1
Attenuation Range 
(dB)
30 50 30 30
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A comparison of the performance is thus made between IQ vector modulator of each type. 
PIN diodes are attractive in view of their high linearity property but they consume a large 
amount of current. On the other hand, the double-balanced diode ring configuration has 
lower current requirement and is particularly popular due to its high isolation feature. In 
spite of this, the Schottky-barrier diodes however possess non-linear characteristics, 
which can lead to distortion. This in turn compromises the modulator performance in 
terms of overall linearity and data transmission rates. As for the active mixers, being 
generally inferior in linearity performance, they also have poor power handling 
performance as compared to the rest of its field.
It can be seen that the resistive mode modulator as proposed in this work is capable of 
achieving very linear operation as well as having the advantages of having nearly zero 
current consumption.
4.6 Conclusions
This chapter has presented the feasibility of the photoimageable thick-film processing 
method for low-cost 3D MCM-C implementation, with structures ranging from simple 
interconnects to more complex mixer and vector modulator modules. The use of 
photoimageable material has allowed TFMS to be investigated for the first time in a thick- 
film technology. Using the TRL calibration method, responses of the lines, which include 
their attenuation losses and characteristic impedances, have been characterised to 
llOGHz. In this work, calibration has also been performed to as high as 220GHz. This 
shows the possibility of implementing sub mm-wave thick-film circuits with a cost that is 
a fraction of a monolithic process, thereby opening a new opportunity to the development 
of low-cost mm-wave systems. To better exploit these interconnects with higher line 
impedances and lower losses, a larger dielectric height through the use of more printing 
steps can be employed.
With the use of multiple-meandered lines, miniaturised hybrids with size reduction of 17 
times have then been achieved. However, more investigations should be conducted on 
these lines in order to characterise the effect meandering would have on a circuit. Further
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investigation can also be made on coupled lines of various gaps to assess the crosstalk 
performance when these lines are closely spaced together.
The resistive FET mixer, as demonstrated earlier, has shown to possess good linearity 
performance. Based on the principle as described in Chapter 2, in this part of the research 
its use has been further introduced to realise a linear IQ vector modulator. This is in 
contrast to the widely used active FET mixer or the popular diode-ring modulator. The 
proposed circuit relies on a linear conductance varying proportionally to the level of the 
baseband signals, thereby performing the amplitude modulation of the RF carrier. It is 
capable of providing input IP3 as high as +28dBm and requires virtually zero control 
current. The non-squared constellation achieved is due to the imbalances of the circuit 
contributed by the devices as well as the passive components. However, specific 
constellations can be extracted through software programming.
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Chapter 5 
3D MMIC Technology
5.1 Introduction
Before advanced thick-film processing techniques such as the photoimageable technology 
described in previous chapter can really have a niche in the microwave market, it is still 
the role of thin-film technology in implementing high performance microwave circuits. In 
MMIC technology, good reproducibility of circuits having very similar performances and 
requiring minimal assembly work can be easily attained. It does not suffer from device 
placement and wire bonding variations from circuit to circuit, as in the case of hybrid 
technology. MMICs are also smaller, and have less parasitics that can lead to more 
bandwidth and higher frequencies of operation. The only drawback to this approach is its 
high cost. As such, efforts have also been made to incorporate multilayer technique on 
conventional MMICs to resolve this problem as well as to increase the flexibility of 
design.
This chapter details the work involved in the development of 3D MMICs, including 
miniature hybrids, resistive mixers that employ “all-port matched” impedance 
transforming Marchand baluns as well as highly compact direct carrier modulators. The 
latter two microwave circuits use 0.25pm gate-length AlGaAs/InGaAs pHEMTs as the 
active devices. Individual circuits for the mixers and modulators are also fabricated as 
separate chips for performance verification measurements. Performances of the circuits 
are optimized using Momentum™ (part of Agilent ADS™) and software programs in 
HP/Agilent VEE™ are written to automate the measurement procedures. The 
measurements are carried out through RF on-wafer (RFOW) probing with LRRM 
calibration technique.
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5.2 3D MMIC Process
The 3D MMICs were fabricated by Bookham Technology, an enhancement to the 
previous H40P process (of Marconi-Caswell), that is modified to incorporate the 
benzocylobutene (BCE) layers. Using gold as conductor, it was first deposited and 
patterned (with thickness, t=3|im) onto the lOOjiim thick GaAs semi-insulating substrate 
(er=12.9) followed by BCB coating. The BCB material with a dielectric constant, 8r=2.65, 
is spin coated to form a 3|im thin film which is subsequently developed and cured with a 
temperature profile less than 250°C. Vias for inter-layer connections are immediately 
formed after the developing steps. Second level metal is next deposited and patterned. The 
process continues until the desired thickness is achieved [5.1]. During the fabrication 
process, resistors are realised with Nickel Chrome (NiCr) deposition and the capacitors 
using nitride or BCB overlay. Figure 5-1 illustrates the 3D MMICs configuration 
employed in this work.
3 p m
M5
3 p m
M4
Ground Plane3 p m
M3
3 p m
M2
GaAs ( Er= 12.9100 p,m
Ground P lane
~N
y  B C B  
(£r = 2.65)
Figure 5-1 3D MMICs configuration
The most common choices of dielectrics used in MMICs are inorganic compounds such 
as silicon nitride (Si3N4) and silicon dioxide (Si0 2 ), as well as polymers. In many cases, 
polymers are preferred because of their lower dielectric constant and easy deposition, of 
particular interests among them are polyimide and BCB developed by Dupont™ and Dow 
Chemical Co., respectively.
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Table 5-1 Summary of common materials for dielectrics f*@lMHz)
Si02 Polyimide BCB
Dielectric Constant 3.9 3.3 2.7
Dissipation Factor
■
0.0004* 0.0008*
Breakdown Voltage, V/cm IxlO ’ 2x10* 4x 10*
Thermal Conductivity, W/m.K @25°C 0.14 0.12 0.29
Coeff. of Thermal Exp. ppm/°C 28 52
BCB has been found to have even excellent physical, chemical and electrical properties 
compared to polyimide. It possesses lower dielectric constant and lower microwave loss 
that makes it suitable for high frequency applications. It has low moisture absorption, 
good adhesion properties as well as good planarisation and a low degree of shrinkage 
[5.2]. Further studies on BCB have also shown that it has low curing temperature and 
shorter curing time, quicker metal/via formation time, which enable a faster process and 
thus a quicker tum-around-time [5.3] for microwave circuits employing this material.
5.3 Miniaturised Hybrid Couplers
This part of the Thesis looks at the possibility of combining various miniaturisation 
techniques to achieve even smaller area hybrid circuits and illustrates the appropriate use 
of each approach for a suitable application.
5.3.1 Lumped-Distributed Couplers
The lumped-distributed hybrids adopted the miniaturisation technique of Hirota et al. 
[5.4], and this work investigates the sizes achievable using TFMS lines. The lumped- 
distributed hybrid couplers are designed with M5 as the signal layer and M5 and M4 as 
BCB overlay capacitor. The “reduced-size” branch-line coupler as shown in earlier 
chapter (figure 3-5), has its 35Q and 50Q, Àg/4 lines reduced to Àg/8 and XJ12, 
respectively by increasing the characteristic impedance to lOQ shunted with capacitors of 
0.62pF each. Line impedances higher than 70^2 can lead to even shorter transmission 
lines.
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Likewise, for the lumped-distributed rat-race coupler, the 70Q Xg/4 line is shortened to 
Àg/8 by increasing the characteristic impedance up to 90Q shunted with capacitors, Ci of 
0.22pF. Whereas, the 3À/4 line is replaced by a 7i network, represented by a series 
capacitor, C2 of 0.5pF. Due to the difference in dielectric height, the capacitor structure is 
not symmetrical and thus presents a different value of shunt capacitance at each port. A 
cross-over approach is therfore adopted to eliminate this undesired effect.
Port  3 O O  P or t  4
900
P or t  1 O O  P ort  2
Figure 5-2 “Reduced-size” rat-race hybrid coupler
The fabricated X-band hybrids are shown in figure 5-3. The intrinsic area (ie. excluding 
RF on-wafer pads) of the branch-line coupler is only 0.82 x 0.75mm^, and 0.55 x 
O.bOmm  ^for the rat-race coupler. Their sizes can be made smaller with the use of nitride 
capacitors instead of the BCB overlay. When implemented with conventional microstrip 
on the GaAs substrate (h=100|Lim), the branch-line coupler will occupy 2.8 x 3.0mm^ and 
the rat-race coupler, 2.8 x 5.6mm^. This is about 14 and 48 times smaller, respectively.
5.3.1.1 Experimental Results
The branch-line coupler exhibits a nominal coupling loss of 7dB, and return loss and 
isolation better than -12dB across 10 -  12GHz. In the case of the rat-race coupler. Port 2 
and Port 3 exhibit an average coupling loss of 5.2dB with isolation, S41, and return loss.
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Sii, better than -15dB over 11 -  13GHz. It is less lossy as compared the branch-line 
coupler, because of the fewer branches now possible with this size reduction approach in 
implementing the ring hybrid.
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Figure 5-3 Lumped-distributed (a) branch-line and (b) rat-race couplers with their measured
performances
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5.3.2 Meandered TFMS Couplers
At 38GHz the length of the Xg/4 lines is not a major issue and a standard branch-line 
coupler and rat-race coupler have been adopted using meandered TFMS lines with M4 
and M5 as the signal layers, respectively and M3 as ground. By meandering the À/4 and/or 
the 3À/4 TFMS lines, the intrinsic area achieved for the 90° coupler is only 0.42 x 
0.34mm^, and 0.74 x 0.26mm^ for the 180° coupler. When implemented on a 
conventional microstrip on GaAs substrate (h= 100pm), the 38GHz branch-line coupler 
occupies 0.8 x l.Omm^ and the rat-race coupler, 0.8 x 1.6mm^. On average, the meandered 
hybrids as shown in figure 5-4, are about 6 times smaller than for conventional microstiip.
5.3.2.1 Experimental Results
A coupling loss of 6.0dB, and return loss and isolation better than -20dB at 38GHz is 
attained for the meandered branch-line coupler. Across the frequencies range of 37 -  
43GHz, it has a ±0.5dB amplitude imbalance and phase of 90° ± 5°. Very good 
performances is observed for the meandered rat-race coupler, with both Port 2 and Port 3 
exhibiting a coupling loss of 5.0 ± 0.2dB across a wider frequency range of 38 to 48GHz. 
Also, at these frequencies, the ring hybrid achieved return loss, Sn, and isolation, S41, 
better than -20dB, and a phase difference of 175°± 5°.
As can be seen, at the low frequency region the lumped-distributed approach is 
particularly attractive in miniaturising wavelength-dependent hybrids, though with a 
limitation on the operational bandwidth it can achieve. Whereas, at higher frequencies, 
reducing the circuits’ area through meandering their original topology on the other hand, 
can produce performances as good as its standard counterpart. From these studies, it is 
feasible to apply TFMS lines to these existing miniaturisation techniques in realising even 
smaller microwave circuits, however this comes with the penalty of higher insertion loss.
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Figure 5-4 Meandered (a) branch-line and (b) rat-race couplers with their measured
performances
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5.4 Resistive FET Mixers using All-Ports Matched Baiun
The Marchand balun is capable of wideband operation and can incorporate impedance 
transformation. However, as mentioned earlier, with this circuit being a lossless reciprocal 
3-port network it is theoretically impossible to achieve perfect matching at all three ports. 
In practice, this imperfection manifests itself as poor output return losses and virtually no 
isolation between the two balanced ports. These result in a loss of incident signal as well 
as causing imbalance responses between the output signals, respectively.
In the design of any mixer, it is important to minimise the LO power requirements since, 
at high frequencies, an adequate LO power is often very difficult and expensive to obtain. 
Mixers employing a balun with poor output return loss performance can use the LO pump 
power inefficiently during the mixing process and as a result this leads to a poorer 
conversion efficiency, unless an additional matching network is employed. On the other 
hand, a lack of output port isolation can unbalance the mixer circuit, and this yields poor 
port-to-port isolations and allows signal breakthrough. In particular, large LO signal 
leaking to subsequent mixer stages can produce unwanted mixing products, or saturating 
the amplifier if it passed through an amplifier chain. To prevent this leakage, external 
filtering may be needed.
Port 2
P ort 1
Zo
Zoo, Zoo
Zoe, Zoo
Zi
Zr IX /2
P ort 3
Zi
Figure 5-5 Impedance-transforming Marchand balun circuit with isolation network (from
Ang et al. [5.5])
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To improve the balun performance, a resistor transmission-line network is connected 
between its balanced outputs [5.5], as shown in figure 5-5. This is similar in function to 
the isolation resistor in a Wilkinson divider, except that the 180° phase difference between 
the outputs means that a phase inversion element is required. Practically, the isolation 
network consists of two load resistors and a half-wavelength transmission line. This 
technique has recently been applied to the design of a push-pull power amplifier [5.6], and 
this has shown that the long isolation line makes the circuit large.
Due to its ability to attain perfect matching at all its three ports, this circuit has been 
defined in this work as an “all-ports matched” Marchand balun. Here, the novel hybrid is 
to be realised for use in balanced resistive FET mixers using 3D MMIC techniques. With 
the balun serving two functions; a power divider and an impedance transformer, the 
mixers can therefore have comparatively small size, together with the added advantages of 
having improved output return losses and isolation between output ports.
5.4.1 Single-Balanced Mixer
Figure 5-6 shows the schematic diagram of the single-balanced resistive mixer, employing 
two pHEMTs of 2 X 60pm, i.e. 2 fingers and 60pm unit gate width.
Q  +IF
Impedance
Transforming
Balun
LO O
DC Bias 
O
Matching
Circuit
I -O  RF
Figure 5-6 Single-balanced resistive FET mixer
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From the small-signal S-parameter test bench of Agilent ADS™, the input and output 
impedance of the FET mixers operating in resistive mode are obtained as 8.4 - j35.5Q and 
15.0 - j4.3^2, respectively. Achieving a balun with 8^ 2 output to drive the mixer requires 
very tight coupling of 1.2dB and this is obtained by realising the balun with overlaid 
coupled-lines. A high impedance À/2 line is included in the circuit to achieve the 180° 
phase shift with two resistors of 8^ 2 used for the resistive network. To complete the input 
matching, a series narrow line acting as an inductor is used to resonate the capacitive 
component of the FET device.
At the output, simple distributed matching using TFMS lines, is employed and an external 
IF balun is used to combine the anti-phase IF signals. Figure 5-6 illustrates the single­
balanced mixer circuit and the fabricated mixer is shown in figure 5-7, measuring 0.81 x 
0.64mm^ (excluding the RF on-wafer pads), and the Marchand balun measuring 0.37 x 
0.5 Imm^.
m m
E
E
1.1mm
Figure 5-7 Microphotograph of the fabricated single-balanced mixer
5.4.1.1 Experimental Results
From the measurement, the “all-ports matched” impedance-transforming Marchand balun 
exhibits input/output return losses and output ports isolation of more than -20dB from 32 
to 40GHz. Nominal coupling of 7dB is achieved with a phase difference of 174° as shown 
in figure 5-8. Figure 5-9 on the other hand, depicts the attained LO and RF ports matching 
thereafter.
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Figure 5-8 Measured responses o f “all-ports matched” Marchand balun
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Figure 5-9 Measured matching performance of LO and RF ports o f the mixer
Figure 5-10(a) shows the conversion performance of the mixer measured with IF fixed at 
250MHz while sweeping the LO power level. Good conversion loss of 13.5dB can be 
achieved down to +10dBm LO power and has shown to be degrading with further
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increment of the LO power. With this LO power, another conversion loss measurement 
was carried out with RF/LO frequency swept across the frequencies range of 32 -  38GHz 
and a conversion loss of approximately 13.5dB was achieved as shown in figure 5-10(b).
1 8
1 7
m
1 6
1 5
1 4
o
1 3
12
6 7 8 9 10 12 1 3
, LO Power ■ dBm
(a) Varying LO Power, with RF=10GHz, -ISdBm and IF=100MHz
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(b) Swept RF and LO, with RF=-15dBm, LO=+10dBm and IF=100MHz 
Figure 5-10 Conversion loss measurement
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5.4.2 Sub-Harmonically Pumped Mixer
An alternative way to address the LO power requirement problem is to adopt sub- 
harmonically pumped operation. It uses the harmonics of the LO frequency instead of the 
fundamental for the mixing process. Most conventional harmonic mixers are realised 
using an anti-parallel diode pair (APDP) [5.7]. The FET-based harmonic mixer has also 
been recently reported [5.8]. Comparing the two, the advantage of the diode type is that no 
LO balun is required, because the diodes are anti-parallel. However, the resistive FET 
mixer can achieve good port isolations, requires less LO power, and has potentially a 
higher compression level.
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Figure 5-11 Schematic of a suh-harmonically pumped resistive FET mixer
Figure 5-11 illustrates the schematic diagram of the resistive sub-harmonic mixer, which 
comprises of a pair of 2 x 60|Lim pHEMTs, whose drains are connected together and the 
gates pumped anti-phase through a LO balun. In this work, the second harmonic of the LO
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is used in order to minimise the conversion loss performance. Unlike the single-balanced 
mixer described earlier, the IF is extracted from the drain without the need of an IF balun. 
By pumping the mixer with the 2^  ^ harmonics of the LO frequency, the phase is also 
doubled and hence the mixing products at each FETs become in-phase with one another.
Omitting the IF balun, the mixer can be realised with smaller area and its complexity 
reduced. The drawback is that the LO balun length is physically doubled and therefore the 
TFMS technique is employed in this case. The fabricated 19GHz balun measures 0.52 x 
0.87mm^ and this constitute about half the mixer area. The sub-harmonically pumped 
resistive FET mixer operating at 38GHz is shown in figure 5-12 below, occupying 0.91 x 
0.88mm^, without the RF on-wafer pads. This is 50% smaller than that of the earlier 
reported mixer, which measured 1.1 x 2.1 mm^.
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Figure 5-12 Microphotograph of the fabricated sub-harmonic mixer
5.4.2.1 Experimental Results
The Marchand balun exhibits an average coupling of 7dB across 15 -  23GHz with 
nominal phase response as good as 176°. Return losses and isolation of more than -18dB 
are achieved at 19GHz. With this, the LO and RF ports are well-matched at the desired 
frequencies of 19GHz and 38GHz, respectively.
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Figure 5-13 Measured results o f 19GHz Marchand balun
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Figure 5-14 Measured matching responses ofLO and RF ports o f the sub-harmonic mixer
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The LO power was first swept to achieve the optimum frequency conversion performance 
at an RF frequency of 38GHz, where it was found to be +12dBm for a best conversion 
loss of 12dB. With IF fixed at lOOMHz, RF and LO is again swept across 28 -  38GHz. A 
nominal conversion loss of 12dB is achieved, as shown in figure 5-15.
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Figure 5-15 Conversion loss of sub-harmonic mixer with RF=-15dBm, L0=+12dBm and
IF=100MHz
It is to be expected that the conversion loss is slightly degraded as compared to a 
fundamental mixer as one described earlier. Comparable conversion loss performance 
however, is achieved in both cases. This is probably due to the fact that the fundamental 
mixer employs an additional IF balun, that contributes to the extra loss.
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5.4.3 Double-Balanced Mixer
Both the single-balanced mixer and the sub-harmonically pumped mixer can to some 
extent eliminate unwanted signals without filtering. For better spurious signal rejection, 
this requires a double-balanced topology, which also has mutual isolation between all its 
ports. However, this is only the case if the balun is well balanced. As mentioned earlier, in 
a normal Marchand balun, coupling between the balanced ports exists due to poor 
isolation. Therefore, the use of the “all-ports matched” Marchand balun can enhance the 
balancing of the circuit for good rejection of spurious signals.
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Figure 5-16 Double-balanced resistive FET mixer topology
The improved resistive FET DBM, shown in figure 5-16, employs transistors of 2 x 30pm 
type in order to minimise the parasitic when they are configured as a ring-quad. The 
RF/LO Marchand baluns are implemented with multilayer technique, while the IF balun
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uses a planar spiral transformer balun, and they measured 0.47mm x 0.23mm and 1.27mm 
X 0.55mm, respectively. Putting this together, the fabricated mixer shown in figure 5-17, 
occupies an intrinsic area of 1.22 x 1.13mm^. As compared to the one demonstrated by 
Ang et al. [5.91 which measured 1.6 x 1.7mm^, a 50% size reduction is achieved using the 
miniaturisation techniques.
I
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Figure 5-17 Fabricated 38GHz double-balanced mixer circuit
5.4.3.1 Experimental Results
From the measurements, the IF balun exhibits a coupling of 5dB with return loss more 
than -15dB and phase of 175° over the 2.4 to 5GHz frequency range. Whereas, for the 
RF/LO balun a coupling of 7dB with both the return loss and isolation as good as -20dB, 
is achieved from 36 to 40GHz. At these frequencies, the phase difference is measured to 
be 170°. These results are shown in figure 5-18.
The LO power is first swept to achieve the optimum conversion loss performance at an 
operating frequency of 38GHz. With a maximum of 12dBm LO power available, the best 
conversion loss is approximately 15dB. Better performance can be achieved with higher 
LO power which is generally a drawback of the double-balanced topology. With that, at 
an IF of 2.4GHz, the RF and LO are swept from 34 to 38GHz and a conversion loss of 
15dB is achieved. Conversion loss as a function of IF frequency is also assessed.
98
Chapter 5. 3D MMIC Technology
260
S2^ 331
240
m
180
160
Frequency - GHz
(a)
260
S 2 1 , S31
2 4 0
S23
-220
S33
S II -200
■180
■160
Frequency - GHz
TJ
(b)
Figure 5rl8 Measured performances for (a) IF balun and (b) RF/LO Marchand balun
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Figure 5-19 Conversion loss measurement
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5.5 Compact Vector Modulators
The use of direct carrier modulation at mm-wave frequencies has attracted considerable 
interest. With a modulator operating directly at the carrier frequency, it can avoid the need 
of a complex IF mixer, filter and amplifier chain. This greatly reduces the front-end 
hardware complexity hence yields a smaller and lower cost circuit. In an effort to further 
reduce them physically, this part of the thesis investigates the size reduction factor 
achievable with a push-pull vector modulator as well as a diode-ring vector modulator by 
using a combination of the miniaturisation techniques discussed in Chapter 3.
5.5.1 RTA Push-Pull Vector Modulator
The push-pull IQ vector modulator as shown in figure 5-20, is a 2-channel passive circuit 
employing the principle of the reflection-type attenuator (RTA) with cold-FETs as the 
resistive elements. Any signal entering the input port is split into two orthogonal channels 
with each channel consisting of a bi-phase amplitude modulator, that is each operated in 
push-pull to remove the amplitude and phase errors found in a single-stage modulator. 
Each channel is modulated individually by a pair of complementary signals, and the 
resulting signals are then recombined in-phase at the output. To do this, the complete 
vector modulator needs to employ a total of nine quadrature couplers (usually Lange 
coupler [5.10]), one Wilkinson in-phase power combiner and eight cold-FET 
terminations. The size of the modulator is therefore largely limited by these hybrid 
components.
The investigated push-pull vector modulator in this case uses 2 x 60pm FET devices as 
the variable resistive elements. A broadside coupler constructed with overlaid coupled 
lines is used to realise the 3dB coupling and to improve it’s phase response, the lower 
conductor track is made shorter than the upper one. With this, the fabricated coupler 
designed at center frequency of 38GHz, occupies 0.23 x 0.18 mm^. If a 38GHz Lange 
coupler was realised on a 100pm thick GaAs substrate, it would measure 0.69 x 0.09 
mm^, which is about 35% bigger than the broadside type. Together with a modified 
lumped-distributed Wilkinson power divider/combiner [5.11], that gives >50% of area 
saving and the overall dimensions of the modulator circuit are hence significantly 
reduced.
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Figure 5-20 Topology o f a push-pull IQ vector modulator using RTAs
Prior to assessing the vector modulator’s performance, the bi-phase amplitude modulator 
is first studied. The fabricated balanced BPSK modulator shown in figure 5-21, uses four 
meandered broadside couplers and this results in a fairly small area of 0.8 x O.SSmm^, 
excluding the RF on-wafer pads.
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r^05
1.1 mm
Figure 5-21 Fabricated BPSK modulator
5.5.1.1 Experimental Results
The measured performance of the coupler as depicted in figure 5-22 has shown reasonable 
magnitude and phase responses. Over-coupling can be observed with 4dB at 38GHz and 
this corresponds to an amplitude imbalance of 2dB. Likewise, an output ports phase 
difference of 76° is achieved. Although, the low dielectric constant of BCB can results in 
a lower interference between lines. The meandering of the XJA lines is too tight in this 
case.
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Figure 5-22 Measured responses of overlaid coupler
Despite the poor coupler performance, the modulator worked well. By varying the biases 
of the control signals and sweeping the RF frequency across the 28 -  38GHz range, the
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balanced BPSK was found to have a best insertion loss of 7dB and an attenuation range of 
25dB. Again, by changing the levels of the control signals, near-ideal 180° phase shift is 
also attained at the operating frequency of 38GHz, as seen from the constellation plot in 
figure 5-24. Slight deviations from its perfect straight response might be due to the 
imbalances of the circuit.
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Figure 5-23 Measured attenuation responses of the bi-phase amplitude modulator (all control
signals in voltages)
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7 -0.70 -0.70
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11 -0.85 -0.55
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Figure 5-24 Static constellation o f the bi-phase amplitude modulator measured at 38GHz
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The IQ vector modulator consists of a pair of BPSK modulators together with a modified 
lumped-distributed Wilkinson power divider as illustrated in figure 5-25. In comparison 
to a standard lumped-distributed power divider, the output of this divider circuit has been 
reduced to a single capacitor (instead of a shunt capacitor at each port) between the 
outputs, in parallel with the isolation resistor [5.11]. Excellent results have been achieved 
over wide frequency ranges as shown in figure 5-26.
Port 2
Port 1
/  Port 3
Figure 5-25 Improved topology of lumped-distributed Wilkinson divider (from 
Chongcheawchamnan et al. [5.11])
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Figure 5-26 Measured amplitude and phase responses of the Wilkinson divider
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With this, the completed vector modulator, shown in figure 5-27, has an intrinsic area of 
1.9 X 0.9mm^, which is about 50% smaller than one realised on an ordinary GaAs MMIC.
r-T: :
EM *43 30 mcvj
2 .0 0 m m
Figure 5-27 Microphotograph of the fabricated IQ vector modulator
A minimum insertion loss of 12dB and attenuation range of 18dB is achieved over the 
frequency range from 28 to 38GHz. Figure 5-28 illustrates the insertion loss responses 
measured with varying baseband signals over a wide frequency range.
To measure the vector modulator’s static constellation, the I and Q control voltages are 
swept from -2V to OV, in steps of 31.75mV through the use of HP/Agilent VEE™ 
software. As observed in figure 5-29, the transmission response is nicely centered on the 
polar plot with a near-ideal square response, indicating that the modulator works very 
linearly with the corresponding baseband signals. This is believed to be the most linear 
static constellation ever achieved.
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Figure 5-28 Measured attenuation response of the vector modulator (all control signals in
voltages)
90
Figure 5-29 Measured static constellation at 38GHz with multiple steps of I  and Q baseband
signals and their complementary
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5.5.2 Diode-Ring Vector Modulator
The diode-ring vector modulator as shown in figure 5-30, is by far the most common type. 
This is also a 2-channel passive modulator, but unlike the RTA modulator it does not 
require complementary signals, but it requires a larger IQ control current and has poorer 
linearity performance. It employs a total of four centre-tapped transformers, a quadrature 
coupler and an in-phase combiner. At microwave frequencies, a balun is commonly used 
in place of the transformer and this has been one bottleneck to the realisation of a compact 
MMIC modulator.
bi-phase am plitude m odulator
centre-tapped
transformerRF;.
•100 Q3dB
Quadrature
Coupler Power
Combiner
50 Q
Q
Figure 5-30 Diode-ring IQ vector modulator
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The investigated diode-ring vector modulator employs FET devices configured as diodes 
which are connected to the input and output ports via TFMS baluns. The fabricated hybrid 
measures only 0.15 x 0.26 mm^. If implemented using overlaid configuration, it would 
measure 0.40 x 0.62 mm^, and on conventional microstrip, it would occupies 0.3 x 1.4 
mm^, hence the TFMS approach yield 6 and >10 times size reduction, respectively. The 
performance of the bi-phase amplitude modulator on its own is first assessed. The 
fabricated bi-phase amplitude modulator shown in figure 5-31 measures 0.52 x 0.25mm^, 
excluding the RF on-wafer pads.
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Figure 5-31 Fabricated diode-based bi-phase amplitude modulator
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Figure 5-32 Measured response of the bi-phase amplitude modulator for various bias levels
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5.5.2.1 Experimental Results
In this case, by changing the levels of the I and Q control signals, the bi-phase modulator 
can achieve an attenuation range of approximately 20dB at operating frequency of 38GHz, 
however, due to the lossy nature of the TFMS, the best insertion loss achievable is 9dB. 
This is shown in figure 5-32. In comparison with the RTA type, the diode-ring modulator 
also has a more nonlinear constellation response as shown in figure 5-33.
# 1 0 0
1
2
1 .2 0
1:00
1 0 :9 0
5
0 .8 4
0 :7 5
6 0 .4 0
7 .0 :2 0 :
8 - 0 6 0
9 - 0 .8 0
10 - 0 .8 7
11 - 0 .9 0
12 - 1 .0 0
1 3 - 1 .2 0
f: /
#2
%g.3 n ' '"
/
.^2'
#1.3
* f
/  /  ;
freq (38.00GHz to 38.00GHz)
Figure 5-33 Measured static constellation of the diode-ring modulator at 38GHz
Baseband signals are applied for a symbol rate of 2MSample/s to the bi-phase modulator. 
A good spectrum with deep nulls and a small carrier breakthrough can be observed from 
figure 5-34. The presence of this carrier is due to the inadequate port-to-port isolation of 
the modulator. A maximum attenuation value of -29dB is obtained at the near-50Q bias 
point, and it should be large enough to avoid any carrier leakage when the modulator is 
supposedly not transmitting any signals.
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Figure 5-34 Output spectrum of the BPSK modulator
The fabricated diode-ring vector modulator, shown in figure 5-35, has an intrinsic size of 
only 0.95 x 0.59mm^ and this is believed to be the smallest vector modulator 
demonstrated. In this case, the minimum insertion loss is measured to be 16dB at 38GHz 
with an attenuation range of approximately 20dB.
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Figure 5-35 Microphotograph of the diode-ring IQ vector modulator
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Figure 5-36 Measured attenuation response of the vector modulator for various bias levels
(all control signals in voltages)
Figure 5-37 Measured static constellation at 38GHz with multiple steps of I  and Q control
signals
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As seen earlier, with the bi-phase diode-ring modulator having a relatively nonlinear 
constellation response, the static constellation of the vector modulator is therefore not 
square. This degradation can be rectified using a look-up table to control the I and Q 
analog signals to achieve a better constellation. 256-QAM modulation with 2MSample/s 
is successfully demonstrated using this technique, as shown in figure 5-38.
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Figure 5-38 Spectral responses o f a 256-QAM modulation
5.6 Conclusions
This chapter has presented the many benefits of the 3D MMIC technology in terms of 
design flexibility for circuits, which would otherwise not be easily realisable with the 
conventional approach, as well as chip miniaturisation, in particular with the use of 
TFMS. It has been shown to be useful for realising hybrids operating at low frequencies 
using the lumped-distributed approach or by merely through meandering the original 
topology for high frequency operation. Lines of typically 10pm are used in this technique 
and this has resulted in a reduction in circuit area by a factor as much as 48 when 
compared to the conventional one implemented in microstrip form.
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Employing this type of interconnect however causes a performance degradation. 
Therefore, in this work, an optimum solution is presented by integrating 3D MMIC 
circuits with the appropriate miniaturisation methods, with the best approach retained for 
the most critical functions. This is demonstrated with the IQ vector modulators, which 
work excellently for applications requiring direct carrier modulation. With the measured 
transmission response nicely centered on the polar plot and having a near-ideal square 
characteristic, the push-pull modulator is believed to be the most linear type ever realised. 
This also comes with a further size reduction to half the area of the original microstrip 
implementation.
Work to reduce the LO power requirement as well as improve the port-to-port isolation of 
the resistive FET mixers has been conducted through the use of an “all-ports matched” 
Marchand balun. This novel circuit allows reciprocity and perfect matching to be achieved 
at all its ports by having a lossy property. It has an isolation network that functions 
similarly to that of a Wilkinson power divider circuit. This work has introduced its use to 
balanced mixers, which often require one or more of such hybrids to attain their enhanced 
characteristics. The mixers can have potentially good isolation performances and 
improved conversion efficiency and together with the use of 3D MMIC technique, the 
overall mixer circuit has been reduced to 50% of its original size.
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Chapter 6 
Conclusion
6.1 Contributions of this Thesis
As the demand for wireless communication continues to increase, planar microwave 
circuits realised with conventional fabrication processes and design techniques are no 
longer adequate. Current fabrication methods using thin-film technology are very 
expensive to implement. In thick-film technology, the generally inferior process degrades 
circuit performances at very high frequencies. Circuits that purely use transmission lines, 
such as microstrip, can occupy a substantial amount of area and upon integration, a 
wireless system of such type can be relatively large and expensive. Moreover, this is 
readily apparent for a transceiver that operates in the traditional superheterodyne mode. 
This research finds possible solutions to overcome the problems of conventional planar 
microwave circuits and aims to achieve high performance yet low-cost design techniques 
in microwave and mm-wave band in an effort to develop a fully integrated wireless 
system.
Various miniaturisation techniques examined in this thesis have shown to be attractive in 
circumventing the size limitations of present microwave circuits. As part of the 
contributions to this area, a novel lumped-distributed Marchand balun that yields 20% 
size reduction yet offering excellent amplitude/phase balances responses is developed 
based on the well-known capacitive-compensation technique. The analytical treatment of 
this Marchand balun has also been presented, providing an insight to the relationship 
between the directivity of a coupled-line in an inhomogeneous medium and the phase and 
amplitude imbalance of a balun constructed with these lines.
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The degree of miniaturisation for hybrid components in planar form is still relatively 
limited and to increase the size reduction factor, hybrid couplers and baluns adopting 
multilayer configuration have been developed. They are constructed with overlaid 
structures or by employing the TFMS interconnect medium. TFMS is by far the most 
promising approach whereby circuit area reduction at least 15 times has been achieved in 
comparison to their usual implementations in conventional microstrip lines on GaAs or 
Alumina.
With the introduction of novel hybrids, the number of components in a circuit can also be 
greatly reduced. Resistive FET mixers employing a novel Marchand balun have been 
developed for mm-wave applications. Functioning both as a power divider and an 
impedance transformer, the balun when applied to balanced mixers can reduce the amount 
of additional matching circuitry. An “all-ports matched” balun can be achieved with the 
inclusion of a resistive network, this improves the LO power requirement as well as the 
port-to-port isolations of the mixers. Apart from that, a sub-harmonically pumped 
resistive FET mixer has been developed. By operating the mixer at the 2°  ^LO frequency, 
large IF circuits can be omitted and less requirement is put on the LO source.
In addition to the development of advanced resistive FET mixer structures, an IQ vector 
modulator employing the resistive technique has been introduced. It can be used for a 
transmitter with high linearity as it generates less intermodulation distortion during the 
modulation process. With a direct conversion architecture, the hardware complexity is 
significantly reduced and this provides a viable option for low-cost implementation. 
Direct carrier modulators of both the RTA type and the diode-ring type have been 
developed with a combination of the miniaturisation techniques.
A potential solution for low-cost implementation is the use of advanced fabrication 
processes and materials. An advanced thick-film technology suitable for mass volume 
production of microwave circuits has been introduced. Like the 3D MMICs, the 
photoimaging thick-film technique is suitable for multilayer processing. Line width and 
spacing as small as 15pm has been obtained. With this, TFMS has for the first time been 
characterised and miniature hybrids realised in a thick-film environment. With
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measurements performed to 220GHz, the TFMS medium together with the low-loss 
material and advanced processing technique has shown to be an attractive means of 
realising circuits to submm-wave frequencies (way beyond the capabilities of present 
thick-film microstrip MICs) yet at a fraction of the cost of a monolithic process.
6.2 Suggestions for Future Work
In this Thesis, various techniques have been developed to miniaturise monolithic and 
hybrid resistive FET mixers and IQ vector modulators with improved performances. The 
following are some suggestions for possible applications and extensions of the various 
techniques towards the realisation of highly integrated microwave and mm-wave wireless 
systems.
The potential advantages of the capacitively-compensated Marchand balun can be further 
investigated with the inclusion of an isolation network. The proposed lumped-distributed 
balun can then be applied to microstrip circuits that require good amplitude/phase balance 
characteristics with isolation between all its ports as well as having size reduction 
capability. This might again include the balanced mixers or the push-pull power 
amplifiers, which often need the use of two or more of such hybrid. When these circuits 
are well-balanced, better rejection of spurious signals can be attained. The RF short circuit 
terminals of the balun can also provide convenient points for applying biasing voltages 
without the need of additional circuitry.
In an IQ vector modulator, the major contributor to carrier suppression was the inadequate 
LO-to-RF isolation through the balanced mixers. Instead of using the fundamental 
components for the mixing process, operating the mixer with harmonics of the LO can 
readily solve this problem since they are now spaced well apart in the frequency spectrum. 
The ability to operate with LO frequencies that are a fraction of the carrier frequency (1/2, 
1/4, 1/6, etc.) also significantly reduces the cost of an LO source, especially at higher 
frequencies. The principle of resistive mixing in this research has already been shown to 
be very useful in achieving low distortion operation both for the FET mixers and 
modulators. Therefore, it is recommended that the sub-harmonic pumped resistive FET
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mixer be further investigated as the mixing elements in direct carrier IQ modulators.
The work on TFMS using photoimageable thick-film technology can be further pursued to 
achieve lost-cost mm-wave modules. Using this technique, various miniaturised hybrids 
have been developed in this research, however filters should be investigated further. 
Filters are a major obstacle in implementing a single-chip transceiver due to their large 
size requirement. Hence, in practice, they are often deployed as off-chip devices. As 
shown in figure 6-1, a TFMS band-pass filter operating across 92 -  96GHz has recently 
been developed and has shown to be promising for integration into a complete module. It 
is therefore desirable to follow up this development with a fully integrated transceiver 
based on this interconnect technique and fabrication technology.
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